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Postprandial Plasma Glucose, Insulin, Glucagon and Triglyceride 
Responses to a Standard Diet in Normal Subjects 

M. Ahmed, M.C. Gannon and F.Q. Nuttall 

The Metabolic Section, Veterans Administration Hospital and the Univ. of Minnesota Medical School, Minneapolis, Minnesota, USA 



Summary. Postprandial plasma glucose, insulin and 
triglyceride responses were determined in 12 normal 
subjects (7 male and 5 female) fed a standard diet 
composed of typical American foods; the three meals 
were identical for each subject. A significant post- 
prandial rise in glucose and insulin was observed. 
They were closely related temporally in the early post- 
absorptive period. However, in the late post-absorp- 
tive phase insulin decline was generally slower than 
the glucose decline. A considerable difference in the 
glucose and insulin response was observed between 
males and females. Fasting plasma glucose and insulin 
concentrations were lower in the women. Following 
each meal the peak plasma glucose was lower in the 
women, but the difference was significant onlyrfollow- 
mg breakfast (p < 0.02). The area under the glucose 
curve following breakfast was also lower (p < 0.0l)in 
the women. In the men the maximal postprandial 
glucose concentration and the postprandial glucose 
area remained stable throughout the day, but there 
was ^increase in P eak insulin concentration and 
nsulm area after dinner. In contrast, in the women the 
awmal postprandial glucose concentration and the 
dav bfl 31 8lUC ° Se area increased throughout the 
area (Th peak insuIin concentration and insulin 
ijfflmf? 1 chan 8 e - Plasma triglycerides increased 
dHKr* and remained elevated throughout the 
*erehic| • • 8 &nd P ost P randial mean triglycerides 
signft m men ' but this did not reach statistj - 
^cetttr^" 06 ' The circulatin S pancreatic glucagon 

fca ^bv n? n V determined in 4 sub i ects ' was unaf- 
day. ', - and remained stable throughout the 



P ^rdiii.u £> lnsulin > triglycerides, glucagon, 
~~--V^ — 1 Cllan 8 es » sex-related differences. 



Traditionally stimulation of insulin secretion has been 
accomplished by using individual nutrients such as 
glucose or amino acids in large and unphysiologica! 
amounts, or by administration of hormones such as 
glucagon or by administration of pharmacological 
agents such as tolbutamide. Recently there has been 
an increasing interest in analysis of B-cell function in 
physroIogicaMstates approximating usual daily living 
conditions. This information should be useful in for- 
mulating sound principles for "diabetic diets" and 
for development of a more physiological insulin 
regimen. 

..There have been few studies concerned with the 
' blood glucose and/or plasma insulin response to ordi- 
nary meals in human subjects. In 1946, Sindoni [1] 
reported that the average blood glucose level of 20 
normal persons followed for a 4 hour period after a 
regular breakfast was little changed when compared 
with the fasting blood glucose. This lack of change in 
blood glucose was surprising and prompted us to study 
the plasma glucose and insulin concentrations over an 
extended period of time in normal human subjects 
eating three meals a day. Malherbe et al [2] also 
studied postprandial variations in blood glucose and 
plasma insulin in normal human subjects. They re- 
ported distinct peaks in blood glucose and plasma 
insulin concentration following each of three standard 
meals. While our study was in progress, other inves- 
tigators [3-7] have reported plasma glucose and insu- 
lin concentrations following meals but the experimen- 
tal design was different from that in the present study. 
In none of the previous, studies have the results in 
men and women been examined independently. In 
addition we have studied plasma glucagon and tri- 
glyceride concentrations following standardized 
meals. 
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Material and Methods 

a Subjects and Experimental Conditions 

Z re 2ta 10% ol ideal bod, veight usmg ,he M«- 
r„p*an Life Tab.es [81. Mean age »«g ,a„ he gh< 

urea nitrogen, uric acid, total f^ f™& 
bilirubin, lactic dehydrogenase, ^ Utamic -°. X ^" 1 , C 
a ^transaminase, alkaline phosphatase ^ cholesterol, 
triglycerides, calcium and phosphorus All had a nor 
mal standard glucose tolerance test pj. 

Al participants signed an informed consent de- 
signed according to the Helsinki agreement or ihuman 
experimentation 6 and the study "J.^* 
hospital committee on human studies. The subjec 
were given a diet consisting of at least 300 g of car 
boTydrate per day for three days prior to testing. For 
the study on the fourth day they were given a diet 
composed of typical American foods (toast w.th mar- 
Snne bacon ground beef patty, fruit, sweetened 
XX wtth dipped cream, cola-type carbonated 
beve ag^and coffee), and calculated to contain aver 
a!r P ro g portions of protein, carbohydrate and fat. The 
totaUafor es administered were based cm the recom- 
m ndations of the National Academy of S-nces 
considering the differences in body weight, surface 
a" Solic rates and energy requiremen * be- 
tween males and females. Composing . of !tte idiet k 
shown in Table 1. The proportion of carbohydrates 
dmlnied as simple sugars (-nosacchandes and 
Hkaccharides) to the males and females was 61.3 ana 
"iTeSm oVthe total carbohydrates ^cU^y 
^remainder was given asstarch. Dtets used in other 
similar studies are shown for comparison. The to al 
caTories protein, carbohydrate and fat were .dmnut- 

dinner were identical for each subject They were 
served at 8 • 30 AM, 12 : 30 PM and 4 : 30 PM. Sub- 
tle permitted to take their usual 1 timejto con 
sume the meals. This ranged from 20 to 30 min. No 
other food or drinks were allowed except water ad 
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libitum. Smoking was prohibited. The subject* 
ambulant during the study they stayed in a 
reading, talking, playing cards or chess, or lister 
a radio except for short walks on the same flo< 
Between 7 : 30 and 8 : 00 AM after an ove 
fast of 8-10 hrs, an indwelling catheter was in 
n o an antecubital vein. This was kept ope. 
syringe containing 100 units of hepann attache* 
catheter and 0.5 ml blood aspirated into the s 
This technique and the rapid frequency of bloc 
pling helped to keep the catheter open. Hepa 
no injected directly into the vein. Jive 
Sanded venous blood was collected b^ 
with two fasting samples at 8 : 15 and 8 30 A 
It 2 5 10, 20 30, 40, 50 and 60 mm after the 
ning of each meal for the first hour every 15 
the second hour and every 30 mm or the thu 
In some subjects the 30 min sampling seque 
extended through the fourth hou, ..The btood 
were centrifuged immediately at 4 C, plasrr 
rated and stored at -90°C until analysis for 
immunoreactive insulin (1RI) and mglycend- 
ing samples for glucagon and tnglycendes * 
lected at 8 : 15 and 8 : 30 AM and hen at 30, 
180 and 240 (glucagon only) mm a^r each m 
ml of blood for glucagon ^ ^cted m chil 
tubes containing 6 mg of Na 2 EDTA and 
trasyloi. Samples were centrifuged at 4 C 
plasma was divided into three equal aliquot 
then frozen immediately under, dry ice and 
-90°C until analysis. 



b. Assays 

Plasma glucose was determined in duplicate 
cose oxidase method using a Beckmar 
analyzer (Beckman Instruments, Inc., . 
California). Plasma immunoreactive in. 

say method [11] using insulin antibodies si 
KaSiacia Laboratories, Inc Piscataway 
ma glucagon was measured by radioimr 
[12] using antiserum 30-K, supplied by _ 
Unger; this antiserum is highly specific or 
glucagon but apparently does cross-re act* 
fnhibitory polypeptide [13]. Glucagon stan 
done in triplicate and the unknowns m dupl 
ma triglycerides were measured m dupl.ca 
automated fluorometnc method [14J_ 
Coefficient of variation for P^ a 
was 1.5% for samples in the range of w 
ml. Coefficient of variatior .for 
for samples in the range of 3-105 uU/m 
glucagon the coefficient of variation w 
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samples in the range of 35-500 pg/ml and for tri- 
glycerides, 2.1% in the range of 50-300 mg/100 ml. 
Statistical analysis of the results was done'using 
the student "t" test for paired or unpaired variates as 
appropriate. The criterion of significance is a p value 
of < 0.05. 



Results 



a. Males 

The mean plasma glucose concentration (Fig. 1) in- 
creased from a fasting level of 95 mg/100 ml to a peak 
value of 143 mg/100 ml at 40 min following breakfast. 
The peak glucose concentration after lunch and din- 
ner was essentially the same as after breakfast. Plasma 
glucose concentration returned to the baseline value 
at 180 min after breakfast, but this was prolonged to 
210 min after lunch and 240 min after dinner. A 
smaller second peak in glucose concentration was 
noted 60 to 120 min after each meal. 

The increases in plasma insulin in general paral- 
leled very closely those of the plasma glucose in the 
early post-absorptive period (Fig. 1). However, in the 
late post-absorptive phase insulin decline was gener- 
ally slower than the glucose decline. A secondary peak 
in plasma insulin concentration similar to that for 
plasma glucose was evident in the late postprandial 
period after each meal. The concentration of plasma 
insulin [ increased from a fasting level of 25 uWml to 
yu (jU/ml at 50 min following breakfast. Following 
lunch and dinner the plasma insulin concentration 
rase to 92 ulj/ml in 30 min and 107 uU/ml in 40 min 

T «We 1. Diet analysis 
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respectively. Plasma insulin concentration returned to 
baseline in 240 min following breakfast, but did not do 
so by 240 min following lunch and dinner. 

b. Females 

Following breakfast the mean plasma glucose con- 
centration (Fig. 2) increased from a fasting value of 8 1 
mg/100 ml to a peak value of 109 mg/100 ml in 30 
min, then decreased to below the baseline and re- 
mained low until the next meal. The lowest mean 
plasma glucose concentration reached after breakfast 
was 63 mg/100 ml. It represented a fall of 46 mg/100 
ml from the peak glucose concentration. This was not 
associated with any symptoms or signs of hypo- 
glycemia. Five out of the six studies in females re- 
vealed a similar pattern following breakfast. 

The peak plasma glucose concentrations following 
lunch and dinner were 118 and 127 mg/100 mi and 
occurred at 30 and 40 min respectively. The time 
taken for the plasma glucose concentration to return 
to the baseline was approximately 225 min after 
breakfast and 240 min after lunch, whereas, following 
dinner it'had ndt returned to the baseline by 240 min. 

Plasma insulin increased from a fasting value of 14 
uU/ml to a peak value of 90 (xU/ml at 50 min follow- 
ing breakfast. The peak plasma insulin concentrations 
after lunch and dinner were essentially the same as 
those seen after breakfast. Plasma insulin concentra- 
tion returned to baseline 240 min following breakfast, 
but had not done so by 240 min following lunch and 
dinner. 

In one female subject the study was prolonged 
until 12 midnight. Following dinner, plasma glucose 
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.- a ;n if, min Between 7 and 12 
returned to.the baseline in ^ ^mtlewthainax- 
PM plasma glucose va not exceeding 6 
im um depress.cn ^^^In Sesame subject the 
mg/lOOmlduringthis interval, ntn ' n40 

hj g gh est P^sma insuhn val^g V ^ ^ 
min following dinner men baseline 

W 2 ^ ^SZtoA values irrespec- 
peaks computed from the n* maJes the highest 

tive of when these oc f r t ™" ™ ing each meal was 
piasma glucose ^^^c^**™ 
similar. For females peak gw statistically 
following both lundi and d » ncr ^ < Q Q2 
greater than after breakfast (p 
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Breakfast 

Lunch 

Dinner 



Mates Females 
15 5±13 111 ±2" 
146 ± 8 125 ±5 
145 + 9 130 + 6" 



Moles 
1.4 ± 0.3 



Males Females 
99 ±12 100 ±13 4 
103 ± 9 94* 10 .2 ±0.4 
126 ±16 102 ±14 1.1 



Females 
-0.2 + 0.3 3 

1.1 ± 0.4" 

1.2 ± 0.4 1 



Moles Females 

2 9 ± 0.5 2.2 ± 0.3 

2.8 ± 03 2.0 ± 0.3 

37±0 .7 2.12 + 0.4 



Mean ± SEM 
M a lesn = 7,Femalesn-6 

• Males versus females p < 0.05 or less 

<" Significantly Afferent than bream* p 
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ute For males the area under the glucose curve was 
essentially the same after each meal; the area under 
the insulin curve following dinner was greater than 
that following breakfast or lunch, just as the peak 
insulin was higher, but again it was not statistically 
significant (p < 0.2). 

For the females, the areas under the glucose curve 
following both lunch and dinner were significantly 
greater than after breakfast (p < 0.02 and < 0.01 
respectively). However, the areas under the insulin 
curves remained unchanged after each meal. 

The area under the glucose curve following break- 
fast was below the baseline in females and significantly 
different (p < 0.01) from that of the males. The total 
area under the plasma insulin curves following meals 
was greater in males, but this difference did not reach 
statistical significance (p < 0.1). 

A quantitative estimate of insulin delivery to the- 
peripheral circulation (excluding insulin removed by 
the liver on the first pass) was calculated from the 
integrated plasma insulin areas and the metabolic 
clearance data reported for normal persons [1 5, 16]. It 
was assumed that the insulin concentration remains 
low and rather constant during the night [2, 3, 5, 17] 
and that the metabolic clearance is constant [15-17]. 
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For males it was 64 ± 7.6 (SEM) units and for females 
47 ± 6.0 units daily. For all subjects it was 58 ± 5.0 
units. These results are higher than those reported by 
Genuth (31 units) and calculated by him [7] from the 
data of Hansen and Johansen (26 units) [3] . The lower 
values can be attributed to differences in diet and the 
relative infrequency of sampling in these studies. The 
latter would result in. an underestimation of insulin 
areas. A difference in insulin immunoassay method 
used also could contribute to the discrepancy. 

Fig. 3 shows the plasma glucagon concentration in 
four subjects (2 males and 2 females). The mean basal 
level was 188 pg/ml and there was very little change 
throughout the duration of the study. Plasma glucagon 
concentrations were determined up to midnight in one 
subject and again there was little change. A significant 
alteration in plasma msulin/glucagon (I/G) ratio was 
present postprandialiy and this simply reflected the 
altered plasma insulin levels. 

Plasma triglycerides (Fig. 4) increased after 
breakfast and remained elevated for the duration of 
the study in both males and females. There was a 
suggestion of a rise after both lunch and dinner but 
these were not significant. Both fasting and postpran- 
dial mean triglycerides were higher in males. 
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Discussion 

The previously reported studies [2-7] of circulating 
glucose and insulin concentrations following meals 
have all differed from the present study in regard to 
meal composition, timing of meals or timing and fre- 
quency of blood sampling, making comparison some- 
what difficult. However, as in the present study, a 
significant postprandial rise in plasma glucose and 
insulin was observed and these were closely related 
temporally. In the present study there was also a de- 
layed postprandial return of plasma glucose and insu- 
lin concentrations to baseline values after lunch and 
dinner. This appears to be present in other studies, [2, 
3,6,7] and probably is due to a relative impairment in 
glucose tolerance late in the day [18]. 

The rate of rise in glucose and insulin immediately 
following the beginning of a meal is very rapid and the 
rise in insulin is proportional to the rise in glucose. 
Thus it is unlikely that "gut factors"[19] are signifi- 
cantly amplifying the glucose signal at the B-cell to a 
greater extent at this time than later in the postpran- 
dial period. Also a rise in insulin concentration does 
not occur prior to ingestion of food, even though in 
some cases, the individuals were not allowed to eat the 
food placed before them for several minutes. This 
suggests lack of a "cephalic" phase of insulin secretion 
mediated through the vagus nerve [20]. In the late 
postprandial period insulin concentrations were pro- 
portionally higher than the glucose values. Review of 
previously published studies indicates a similar dis- 
sociation although it was not commented on by the 
authors [2, 3, 6, 7], The reason for this dissociation is 
uncertain. It is possible that factors other than glucose, 
such as amino acids or "gut factors", are stimulating 
insulin release at this time. Alternatively it could be 
due to a lag in response of the B -cells to a declining 
glucose concentration. 

In previous studies males and females were not 
studied independently. OnlyMolnare/^/., [5]Schlierf 
and Raetzer [6] and Genuth [7] studied both males 
and females, but the data were not reported separate- 
ly. In the present study a considerable difference in 
glucose and insulin responses was noted between 
males and females. 

The reason for the sex-related differences in glu- 
cose and insulin responses after meals is unknown. 
Estrogen appears to enhance the rate of glucose re- 
moval [21] and a sex-related difference in plasma 
growth hormone level has been described [22, 23]. A 
difference in muscle mass relative to adipose tissue 
mass also could play a role. We have previously noted 
a sex-related difference in muscle glycogen synthase 
activation 30 min following glucose or insulin ad- 
ministration, [24] but not at a 60 min time period 



(unpublished data). Interestingly Merimee and Tyson 
[25] have reported considerably lower plasma glucose 
concentrations in females during a 72 h fast. The mean 
glucose concentration also was lower in the females in 
the present study. 

The circulating pancreatic glucagon concentration 
was unaffected by meals and remained stable through- 
out the day (Fig. 3). Hansen and Johansen [3] using an 
antibody which does not distinguish between gut and 
pancreatic glucagon have also reported little change in 
serum glucagon during a 24-hour period in three sub- 
jects fed a standard diet. Ingestion of a mixture of 
amino acids or a protein meal results in a rise in serum 
glucagon [26, 27] and ingestion of large amounts of 
glucose lowers the plasma glucagon concentration 
[28]. The lack of postprandial change in glucagon 
concentration in the present study possibly reflects the 
opposing influence of proteins and carbohydrates on 
pancreatic glucagon secretion, In normal individuals 
fed a high protein diet a rise in plasma glucagon occurs 
and it continues to increase throughout the day (un- 
published observations). 

Schlierf and Raetzer [6] have reported peaks in 
plasma triglyceride concentrations 5-6 hrs following a 
standard meal, resulting in approximate doubling of 
fasting triglyceride values, as was observed in the pre- 
sent study. In fat loading experiments triglyceride val- 
ues have been reported to be higher in males than in 
females [29]. In the present study the mean tri- 
glyceride concentration was higher in males, both fast- 
ing and after meals, although none of these differences 
were significant due to the great variability found, In 
both sexes there was a gradual rise throughout the 
day. 
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EFFECT OF ORAL GLUCOSE LOADING ON PLASMA INSULIN, 
POTASSIUM, RENIN AND ALDOSTERONE IN NORMAL 
SUBJECTS AND PATIENTS WITH PRIMARY 
HYPERALDOSTERONISM 



C. Beretta-Piccoli* , P. Weidmann* , M.G. Bianchetti* , 
J, J. Brown ; R. Fraser, A.F. Lever, L. Link 
and J.I.S. Robertson 
Medi2inische Poliklinik, University of Berne, 
Switzerland and MRC Blood Pressure Unit, 
Western Infirmary, Glasgow, Scotland 



ABSTRACT 

The effects of standard oral glucose loading (100 g) 
on plasma aldosterone and some regulatory factors were 
assessed in patients with primary hyperaldosteronism and 
normal subjects. Following overnight fast, mean plasma 
glucose was identical (10 patients and normal subjects 
approximately matched per age and sex) ; plasma insulin, 
potassium and renin levels were lower and plasma aldo- 
sterone higher in the patients. Glucose loading signi- 
ficantly increased plasma glucose and insulin concen- 
trations and decreased plasma potassium and aldosterone 
levels in both groups; plasma renin activity was sig- 
nificantly increased only in normal subjects. The in- 
creases in plasma insulin and the decreases in plasma 
potassium or aldosterone tended to be blunted in primary 
hyperaldosteronism. 

Relationships among glucose-induced changes in 
plasma aldosterone and other factors were assessed by 
multiple regression analysis in these patients and normal 
subjects as well as an additional group of 21 normal sub- 
jects; in the latter, plasma Cortisol was also measured 
and found to decrease significantly after glucose loading. 
Changes in plasma aldosterone correlated (P< 0.025) more 
closely with those in plasma potassium in the patients 
and with variations in plasma renin activity in the 
normal subjects. These findings suggest that complex me- 
tabolic changes occur following glucose ingestion which 
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are capable of modifying aldosterone secretion in normal 
subjects and primary hyperaldosteronism . The aldosterone- 
inhibitory effect of glucose tends to be blunted in the 
latter disorder. This could be related at least in part 
to an impaired insulin response in primary hyper- 
aldosteronism. 

INTRODUCTION 

Aldosterone metabolism and potassium homeostasis 
are closely interrelated. Increases in dietary potassium 
intake or plasma potassium cause enhanced adrenal al- 
dosterone secretion (5,14,21). On the other hand, aldo- 
sterone contributes to the homeostasis of extracellular 
potassium mainly by modulation of renal potassium ex- 
cretion (17) . Insulin also shows a similar reciprocal 
interaction with this ion; its secretion from the pan- 
creatic islet cells is stimulated by potassium (11,18) 
while insulin is an important control factor of extra- 
cellular potassium, since it facilitates the transfer 
of this ion into the intracellular space (20,26). In 
contrast to these stimulatory effects, potassium has an 
inhibitory influence on renin release (32) , and this in 
turn modulates potassium metabolism by regulation of 
plasma aldosterone levels (22) , The interactions between 
these factors cannot only be demonstrated under experi- 
mental conditions, but occur also under physiological 
conditions. In normal man, the Increase in plasma insu- 
lin following glucose ingestion is associated with a 
slight decrease in plasma potassium, marked suppression 
of aldosterone secretion, and mild renin stimulation 
(1,21). Moreover, reciprocal circadian rythms of plasma 
glucose and insulin on one hand, and plasma potassium 
and aldosterone levels on the other hand, have been ob- 
served (12) . 
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In primary hyperaldosteronism, excess aldosterone 
secretion from an adrenal adenoma induces sodium re- 
tention, potassium depletion and hypertension (6) . Aldo- 
sterone release in such patients, though inappropriate, 
may not be completely autonomous. The stimulatory in- 
fluence of angiotensin II on the adrenal cortex was found 
to be blunted (15,35). However, aldosterone was sti- 
mulated acutely by corticotropin {4,16) or chroni- 
cally by high potassium intake (16,23) . Whether and to 
what extent a mild reduction in plasma potassium may 
acutely modify plasma aldosterone and renin levels in 
primary hyperaldosteronism has not been studied. The 
plasma potassium concentration is constantly modu- 
lated by a variety of environmental factors, among 
those carbohydrate intake (1,12,21). The present study 
was undertaken to investigate the influence of a stand- 
ard oral glucose load on plasma potassium, insulin, re- 
nin and aldosterone levels and their interrelations in 
patients with primary hyperaldosteronism as compared 
with normal subjects. 

SUBJECTS AND METHODS 
Study A 

Ten normal subjects (normal group A) and ten patients 
with primary hyperaldosteronism were studied. The normal 
subjects included five females and five males, ranging 
in age from 22 to 61 years (mean 36 ± 4 (±SEM) years) ; 
they were normal healthy volunteers with normal fasting 
plasma glucose and creatinine levels and a blood pressure 
consistently below 140/90 mm Hg. The patients included 
eight females and two males, ranging in age from 19 to 
58 years (mean 40 1 3 years) . The diagnosis of primary 
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hyperaldosteronism was based on the demonstration of an 
adrenal lesion by computer axial tomography and adrenal 
venography, of a gradient in the adrenal vein blood 
levels of aldosterone and, in six cases, by subsequent 
surgical removal of an adrenal adenoma. Plasma urea or 
creatinine levels were within the normal range in nine 
patients, plasma urea was slightly increased (9.2 mmol/ 
liter) in one case. Where given previously, antihyper- 
tensive drugs, diuretics and potassium supplements were 
withdrawn at least two weeks prior to the test. Normal 
subjects and three of the patients were studied in Berne, 
seven patients were studied in Glasgow; all studies were 
supervised by CBP. Normal subjects and the three patients 
studied in Berne were instructed in a diet without very 
salty food and without adding salt to their food, starting 
at least five days prior to the test. Under these dietary 
conditions, mean urinary sodium excretion was 139 ± 6 mmol 
24 hr" 1 in our normal control population (2). In the three 
patients urinary sodium excretion in the 24 hr preceding 
the test ranged from 134 to 148 mmol 24 hr -1 . The seven 
patients studied in Glasgow were maintained on a diet with 
fixed sodium intake in the range 145-155 mmol 24 hr~l, 
starting four to five days prior to the test (2) . 

Following an overnight fast, basal levels of blood 
pressure, plasma glucose, insulin, potassium, renin acti- 
vity and aldosterone were measured following one hour of 
recumbency, blood samples being obtained through an in- 
dwelling intravenous cannula inserted 60 minutes previous- 
ly. A glucose load of 100 g glucose in water was then ad- 
ministered, and the plasma concentrations of glucose, in- 
sulin, potassium, renin activity and aldosterone were de- 
termined 30, 60, 120 and 180 minutes thereafter while the 
subjects remained in the supine position. 
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Study B 

To extend the findings in normal subjects, a second 
group {normal group B) of 21 healthy males (ranging in 
age from 22 to 47 years; mean 25 i 1 years) was studied. 
Twenty- four-hr urinary sodium and potassium excretion 
averaged 134 i 12 and 52 i 7 mmol 24 hr, respectively. 
In addition to the investigations performed in group A 
(see above), these normal subjects had a further blood 
sampling at 15 minutes after the glucose load and measure- 
ments of plasma Cortisol in all samples. 

Study C 

For comparison with the patients with primary hyper- 
aldosteronism, an additional group of 16 subjects with 
secondary hyperaldosteronism was studied. Secondary hy- 
peraldosteronism was induced by administration of the 
diuretic chlorthalidone (50 mg daily during the first two 
weeks and 100 mg daily during the second two weeks) in 
five normal (two females and three males) and 11 border- 
line hypertensive (22) subjects (four females and seven 
males) . Age ranged from 21 to 60 years (mean 33 1 4 years) . 
Secondary hypertension in this group was excluded by the 
usual tests. Fasting plasma glucose and creatinine levels 
were normal in all subjects. To further stimulate the ba- 
sal plasma aldosterone levels, the glucose loading test 
was performed in the sitting position. Basal blood samples 
were drawn following one hour of equilibration and 60 and 
180 minutes following ingestion of 100 mg glucose in water 
for determination of plasma glucose, insulin, potassium 
and aldosterone levels. 

Analytical Procedures 

Plasma glucose was measured by the hexokinase method, 
plasma potassium by flame photometer, plasma insulin by 
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double isotope antibody assay (19) , plasma renin activi- 
ty (27) and aldosterone (13,30) by radioimmunoassay, 
Cortisol by competitive protein binding technique (31) . 

For t-test or regression analysis, the natural lo- 
garithm transformation of plasma renin activity and al- 
dosterone values was used. Differences between mean 
values were tested by paired or unpaired two-tailed 
t-test. Whenever correlations were calculated using a 
series of consecutive measurements for each patient, 
the mathematical integration over time of these serial 
values was used. 



RESULTS 



Study A 

On the day of the study, supine blood pressure 
averaged 114/73 i 9/4 mm Hg in patients with primary 
hyperaldosteronism. Fasting plasma glucose was on aver- 
age identical in both groups (90 i 3 mg/dl) . However, 
compared to normal subjects, patients had lower levels 
of insulin (18.7 ± 1.9 versus 10.6 ± 3.4 uE/ml; P<0.01), 
potassium (4.14 ± 0.14 versus 3.26 ~ 0.19 mmol/liter ; 
P< 0.005) and plasma renin activity (1.54 ± 0.3 versus 
0.53 ~ 0.12 ng/ml/hr; P<C0.01); while plasma aldosterone 
concentrations were increased (2.8 i 0.4 versus 30,2 — 8.0 
ng/dl; F< 0.005) . 

Glucose ingestion induced significant increases in 
plasma glucose or insulin and decreases in plasma potas- 
sium or aldosterone levels in both normal subjects and 
patients with primary hyperaldosteronism (Figures 1 and 2) . 
Maximal levels of plasma glucose and insulin were noted 
30 minutes following glucose loading in normal subjects 
(141 ± 10 mg/dl and 120 ± 13 uE/ml, respectively) , but 
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Effects of Ora! Glucose Loading on Plasma Glucose and Insulin in 
Normal Subjects and Primary Hyperaldosteronism (Mean + SEM) 

O Normal Subjects 



Primary Hyperaldosteronism 




Minutes After Glucose Ingestion 



Figure 1 

Symbols and bars indicate Mean ± SEM 

* = p<0.05; ** = P<0.01 vs. corresponding basal value 



somewhat later, at 60 to 90 minutes in the patients 
(153 ± 14 mg/dl and 72.3 t 9.5 uE/ml) . Plasma insulin le- 
vels at 30 and 60 minutes after glucose ingestion remained 
lower (P<0.05) in the patients than in normal controls. 
Plasma potassium reached its lowest concentration at 120 
minutes in both normal and hypertensive subjects 
(3.71 i 0.08 and 3.01 - 0.18 mmol/liter) . In normal 
subjects, plasma aldosterone was decreased maximally 
by 78% at 30 minutes (0.6 ± 0.1 ng/dl} and reached 
again the pre-loading values by the end of the test. 
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Effects of Oral Glucose Loading on Plasma Potassium.Aidosteron and 
Renin Activity in Norma! Subjects and Primary Hyperaldosteronrsm 
50 -, (Mean ± SEM( 
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Figure 2: 

Symbols and bars indicate Mean i SEM 

* = p<0.05; ** = P<0.01 vs. corresponding basal 
value 
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In primary hyperaldosteronism, plasma aldosterone was 
decreased maximally by 30% at 60 minutes (19.5 ±4.4 ng/dl) 
and tended to remain somewhat lowered until the end of 
the observation period. Plasma renin activity was in- 
creased significantly at 30 minutes after glucose 
loading in normal subjects (2.73 ± 0.33 ng/ml/hr) , while 
the slight increase noted in primary hyperaldosteronism 
did not reach statistical significance. 

Study B 

The effects of glucose loading on plasma glucose, 
insulin, potassium, renin activity and aldosterone levels 
in normal subjects of group B were comparable to those 
observed in group A (Table 1) . Furthermore, a pro- 
gressive decrease (P< 0.001) in plasma Cortisol was 
noted after glucose ingestion. 

Study C 

In the group with secondary hyperaldosteronism, 
mean basal and postglucose values of plasma glucose, in- 
sulin, potassium and aldosterone did not differ between 
the normal and borderline hypertensive subjects, there- 
fore allowing combined analysis of these subgroups. Ba- 
sal plasma glucose, potassium and aldosterone levels in 
the group with secondary hyperaldosteronism did not 
differ significantly from the values in the patients with 
primary hyperaldosteronism; however, plasma insulin was 
on average significantly (P< 0.001) higher in secondary 
hyperaldosteronism (Table 2) . Sixty minutes following 
glucose ingestion, plasma potassium and aldosterone le- 
vels were significantly (P<0.01) lower while plasma in- 
sulin remained significantly (P< 0.001) higher in secon- 
dary than in primary hyperaldosteronism. 
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TABLE 3 

Multiple Regression Analysis of Glucose-Induced Changes in 
Plasma Aldosterone on Concomitant Changes in Plasma 
Glucose, Insulin, Cortisol, Potassium and Renin Levels. 



Changes in 
plasma aldo- 
sterone versus 



Normal Subjects 



Group 


A 




Group B 






Dependent 




R 


Dependent 




R 


variables 






variables 






PRA 


0. 


89 c 


PRA 


0 


.53 a 


PRA+PK 


0. 


90C 


PRA+PI 


0 


.62b 


PRA+PK+PI 


0. 


91 b 


PRA+PI+PK 


0 


.67b 


PRA+PK+PI+PG 


0. 


91 b 


PRA+PI+PK+PC 


0 


.73C 








PRA+PI+PK+ 












PC+PG 


0 


.74C 



Primary Hyperaldosteroni sm 



Dependent 
variables 



PK 0.69 a 

PK+PG 0.7ia 

PK+PG+PRA 0.76 a 

PK+PG-f PRA+PI 0.76 a 



Multiple correlations were based on mathematical inte- 
gration of glucose-induced variations. 
PRA = plasma renin activity; PK = plasma potassium; 
PG = plasma glucose; PI = plasma insulin; PC ~ plasma 
Cortisol . 

a = P<0'.05; b = P<0.005; c = P<0.001 
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Multiple Re gression Analyses of Studies A and B 

Regression analysis was performed using the mathe- 
matical integration over time of glucose-induced changes 
in normal subjects and primary hyperaldosteronism. Changes 
in plasma aldosterone correlated significantly with the 
combined changes in plasma renin and potassium. Neverthe- 
less, this regression analysis suggested that the plasma 
renin activity in normal subjects and plasma potassium in 
patients with primary hyperaldosteronism explained 
more of the variability of plasma aldosterone follow- 
ing glucose loading (Table 3} . 

DISCUSSION 

Glucose ingestion induced in both our normal sub- 
jects and patients with primary hyperaldosteronism com- 
plex endocrine changes involving not only the glucose 
regulation hormones, but also the renin-angiotensin- 
aldosterone system. The dynamic pattern observed follow- 
ing glucose-loading was characterized by the expected 
increase in plasma glucose and insulin concentrations 
as well as by a significant reduction in the blood levels 
of potassium and aldosterone. The glucose load also 
caused a significant increase in plasma renin activity in 
normal subjects, but not in the patients with primary 
hyperaldosteronism, whose renin values were suppressed 
already under basal conditions. These findings suggest 
that the metabolic changes induced by glucose ingestion 
are capable of modifying aldosterone secretion in the syn- 
drome of primary hyperaldosteronism. 

Plasma potassium and renin are two major factors in 
the control of aldosterone release (14). Based on mul- 
tiple regression analysis, changes in plasma aldosterone 
following glucose-loading were correlated more closely 
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with variations in renin activity in our normal subjects, 
and closer with changes in plasma potassium in primary 
hyperaldosteronism. Evidence for a major role of potassium 
in mediating glucose-induced decreases in plasma aldoste- 
rone has been obtained previously in normal subjects (1,21) 
or patients with terminal renal failure (8,32,34). How- 
ever, despite the presence of a significant correlation 
between glucose-induced changes in plasma aldosterone 
and plasma potassium in our previously reported group of 
normal subjects (1) , the interrelation between these two 
factors may not be simply a direct one. The decrease 
in plasma aldosterone following glucose loading pre- 
ceded a detectable decrement in plasma potassium in 
our normal subjects and those of others (12) as well 
as in our patients with primary hyperaldosteronism. 
On the other hand, a major direct influence of glu- 
cose or plasma insulin appears unlikely. Multiple 
regression analysis did not reveal any important 
contribution of these factors to the variability of 
plasma aldosterone in both normal subjects or patients 
with primary hyperaldosteronism. This does not exclude 
that glucose could play at least a permissive role in 
insulin-potassium-mediated aldosterone inhibition (10) . 
Moreover, additional factors such as corticotropin 
could also contribute to glucose-induced aldosterone 
suppression. Plasma Cortisol levels fell progressively 
after glucose load in our normal subjects, but the 
contribution of this change to the variability of plas- 
ma aldosterone, tested by multiple regression analysis, 
was rather small. 

In normal subjects, inhibition of the adrenocorti- 
cal function by glucose-insulin-induced alterations in 
potassium distribution may be counteracted in part by 
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concomitant renin stimulation (22) . The latter response 
may be blunted in primary hyperaldosteronism, due to 
persistent renin suppression by sodium-fluid volume 
retention (6). Moreover, the stimulatory effect of angio- 
tensin II on aldosterone secretion tends to be reduced 
in such patients (15,35). Therefore, functional impair- 
ment of the renin-angiotensin II-mediated pathway for 
aldosterone regulation could have contributed to a ten- 
dency for prolonged inhibition of plasma aldosterone 
following glucose ingestion in our patients as compared 
with normal subjects. 

Excess aldosterone secretion in primary hyper- 
aldosteronism is frequently accompanied by impaired glu- 
cose tolerance (7,24). About 50% of such patients have 
a pathological response of plasma glucose and insulin 
to a standard glucose load (24). In our patients, glu- 
cose loading induced higher and more delayed increases 
in plasma glucose and smaller increments in circulating 
insulin as compared with the normal subjects. The altered 
glucose homeostasis has been explained as a consequence 
of potassium depletion (7,30), since it can be reversed 
by surgical removal of the adrenal adenoma (24) . How- 
ever, plasma insulin was higher in our subjects with 
secondary hyperaldosteronism than in those with primary 
hyperaldosteronism, despite a more marked hypokalemia 
in the former. This suggests that factors other than 
potassium may contribute to a disturbed glucose to- 
lerance in primary hyperaldosteronism. Blunted insulin 
responsiveness to hyperglycemia could be associated with 
a defective control of extracellular potassium (34) . In 
fact, the decrease in plasma potassium following glucose 
load tended to be less pronounced in the patients with 
primary hyperaldosteronism (-0.16 + 0.09 mmol/liter or 
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-5 i 3%) than in normal subjects (-0.40 ±0.08 mmol/liter 
or -9 1 2%) or in the group with secondary hyperaldo- 
steronism {-0.49 ± 0.12 mmol/liter or -15 ± 3%) . The 
magnitude of aldosterone suppression following glucose- 
loading was also less marked in primary than in secon- 
dary hyperaldosteronism (-30 versus -69%) . Considering 
the normal responses of plasma insulin and glucose le- 
vels in the group with secondary hyperaldosteronism, it 
appears possible that limited decreases in plasma 
potassium and aldosterone following glucose ingestion 
in patients with primary hyperaldosteronism may be re- 
lated to their blunted insulin response. 

In normal subjects or patients with primary 
hyperaldosteronism, plasma levels of aldosterone follow 
a circadian rythm (23) and any interpretation should 
take the time of sampling into consideration. More- 
over, it has been generally recommended that diagnostic 
measurements of plasma renin and aldosterone levels 
should be performed in the fasting state, mainly be- 
cause of a possible mild inhibitory effect of the 
fluid (26) and sodium (3) ingested during breakfast. 
The demonstration of acute aldosterone suppression and 
renin stimulation in response to oral glucose uptake 
provides a further rational basis for this policy. 
Whether and to what extent such measurements following 
glucose loading could gain diagnostic interest, cannot 
be answered from the limited number of the present ob- 
servations. Nevertheless, the present findings rise the 
possibility that measurements of plasma aldosterone 
after a standard oral glucose load could help in the 
discrimination of primary hyperaldosteronism. 
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Insulin response to carbohydrate ingestion after 
gastric surgery with special reference to hypoglycaemia 

A, J. CAMERON, J, P. ELLIS, J. I. McGILL, AND L. P. Ls QUESNE 

Tram the Department of Surgical Studies ami The Institute of Nuclear Medicine, 
The Middlesex Hospital, London 

summary Factors responsible for spontaneous hypoglycaemia were investigated in 23 gastrectomy 
patients and two patients with vagotomy and pyloroplasty. Plasma insulin and capillary blood 
glucose levels were followed after giving 175 ml of 50% glucose orally. In gastrectomy patients a 
significant correlation was found between the height of the peak blood glucose and insulin levels for 
the same individual. Patients with high peak glucose and insulin levels were significantly more 
likely to develop hypoglycaemia later in the test. These findings are compatible with the suggestion 
that the major factor predisposing to hypoglycaemia is a faster than average rate of emptying of the 
gastric remnant, but this does not explain all the results* In two cases, hypoglycaemia followed an 
abnormally large insulin response to oral glucose. The results of insulin injection tests in 14 patients 
do not exclude the further possibility that in some cases hypoglycaemia is due to excessive insulin 
sensitivity. 



Symptomatic hypoglyeaemia may occur one and a 
half to three hours after meals in patients who have 
undergone partial gastrectomy (Adlersberg and 
HammerschSagt 1947; Zollinger and Hoerr, 1947) or 
vagotomy with a drainage procedure (Tanner, 1966). 
Only a minority of patients have hypoglycemic 
attacks, however, and the reason for this is uncertain. 
The development of an immunoassay technique 
(Yalow and Berson, I960) has made It possible to 
estimate plasma insulin levels in large numbers of 
samples. The object of the present study was to use 
this technique to investigate the difference between 
those patients with and those without hypoglycemic 
symptoms after gastric surgery. 

MATERIAL ASO MIXHOBS 

Twenty-three patients who had undergone partial 
gastrectomy for benign peptic ulcer were studied (Table). 
Four of these had also had a truncal vagotomy. In addi- 
tion, two patients who Sad had vagotomy with pyloro- 
plasty were investigated, their results being discussed 
separately from rise main group. Ten patients gave a 
history suggesting spontaneous hypoglycaemia. Twelve 
gastrectomy patients were studied as outpatients, the 
remainder being admitted to hospital, usually for investi- 
gation of postgastrectomy problems, The patients studied, 
•while not a random sample, represented a spectrum from 
excellent to bad gastrectomy results. Patients were studied 
without special dietary preparation. The average daily 



intake of dietary calories and carbohydrate was estimated 
for outpatients by a dietician and was measured for theses 
admitted to hospital. Tests were performed m the; 
mornings, patients fasting overnight except that out- 
patients were allowed a sugar-free drink before leaving 
home. Patients rested sitting for 30 minutes before tests 
began. 

For the oral giueose test, the patient while seated 
drank 175 ml of 50% glucose rapidly, this being the 
amount given in earlier studies from this department 
(Le Quesne, Hobsley, and Hand, 1960). Symptoms were 
recorded during the test, BJood was drawn at approxi- 
mately 30-minute intervals for three and a half hows, 
capillary blood being taken five minutes after venous 
sampiing. 

For the insulin sensitivity test, &M unit of soluble 
insulin per kg body weight was given intravenously and 
capiilary blood taken at ? 5-mtnute intervals for one hour. 

Blood glucose was measured by the giueose-osidase 
method (Huggett and Nixon, 195?}. At the height of 
glucose absorption, the difference between simultaneous 
capillary and venous levels was found to vary between 
10 and 130 mg/lOG ml, as previously noted by Mosenthal 
and Barry (1950). Capiiiary Mood, takes by finger prick 
after warming the hand, was therefore used for glucose 
estimations, since tills gives a more accurate reflection of 
the arterial level than venous blood (Jonas, 3933). Plasma 
insulin was measured on heparinized venous blood by the 
immunoassay method of Hales and Handle (1963a) using 
iodiaated isstdin ("TJ. 1 Duplicate estimations were 

'SadiosfcemKHti Cesstts, AtHsrsh&m. 
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performed on at least two separate assays for every 
sarnpk* 

RBSOLTS 

Most oral glucose tolerance curves showed a high 
early peak and then a sharp fall, which sometimes 
contiaued down to a hypoglycemic kvel (Fig. 1). 
TM peak glucose kvel was reached between 35 and 
65 minutes. In three patients the minimum glucose 
level occurred at 95 minutes, in six at 12S minutes, in 
seven at 155 minutes, in six at 185 minutes, and in 
one patient at 215 minutes. 

All fasting plasma insulin levels were 20 ftU/ml or 
less. After glucose ingestion, insulin levels usually 
rose steeply, sometimes following an initial delay. 
Thereafter, changes in the insulin kvel closely 
parallekd changes in the blood glucose. When the 
blood glucose concentration was lowest the insulin 
level was at, or rapidly approaching, the Fasting 
level. One gastrectomy patient showed an unusually 
large insulin response (Fig, 2a). Those with low peak 
glucose levels had low peak insulin kvels and were 
less likely to have a low blood glucose in the later 
part of the test (Fig. 2b), Taking the gastrectomy 
patients as a whole, three significant ceasreiauoris 
were found : (a) the higher the peak glucose level, the 
higher the peak insulin level (Fig. 3} • (>} the higher 
the peak glucose level, the lower the subsetpjefit 
minimum glucose level (Fig. 4) ; and (c> the higher 
the peak insulin level, the lower the minimum 
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glucose kvel {Fig. 4). The font patients with both 
vagotomy and gastrectomy had high peak 
and insulin levels, but their results did not suggest 
that vagotomy altered the insulin response to a given 
glucose level, or altered their sensitivity to endo- 
genous insulin (Figs- 3 and 4). Results in the two 
patients with vagotomy and pyloroplasty only are 
shown in Figure 5, One showed a very large, and the 
other a rather small, insulin response, both being 
within the range observed in gastrectomy patients. 

No correlation was found between the mean daily 
carbohydrate intake of the 23 gastrectomy patients 
and either the peak glucose level (r - 0-0621), the 
peak insulin level {r ■« 0-0611), or the minimum 
glucose level (r = 0T636) on their oral glucose tests. 

Many patients had dumping symptoms of varying 
severity within the first hour after glucose ingestion 
but hypoglycaemia occurred later after a symptom- 
free interval. Hypoglyeaemic symptoms were repro- 
duced in four of the nine gastrectomy patients and 
in the one patient with vagotomy and pyloroplasty, 
who gave a history suggesting spontaneous attacks. 
One of the 15 patients with no previous history 
developed hypoglycemia during the test. The capil- 
lary glucose levels of these six patients at the time of 
hypoglycaemk symptoms were 28, 30, 36, 42, 49, and 
60 mg/100 ml. (Venous glucose kvels at that time 
were a mean of 13 mg/I0Q mi lower,) Observed 
attacks lasted about 10 to 20 minutes and symptoms 
included a feeling of undue warmth, sweating, 
shakiness, dizziness, and difficulty in concentration. 
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no patient becoming confused or comatose. 

Fourteen gastrectomy patients had insulin sensi- 
tivity tests {Fig. 6). There was poor correlation 
between the minimum glucose level after oral glucose 
aftd after InsaliU for the same patient (r = 0-3704, 
p > 01) suggesting that differing sensitivity to 
insulin was not an important factor in determining 
■the occurrence of hypogiycaemia after carbohydrate 
ingestion. 

Gastric remnant emptying was studied in too 
additional patients given 175 mi of 50% glucose 
after positioning a nasogastric tube Suoroscopicalty. 
At 35 minutes their blood glucose kveis were 214 
and 283 mg/iOO ml and aspiration five minutes 
later recovered 41 and 13 g glucose respectively. 

DISCUSSION 

There is some general agreement as to the cause of 
postgastrectomy hypogiycaemia. The gastric rem- 
nant empties faster than the intact stomach 
(Bruusgaard, 1946) so that ingested carbohydrate is 
rapidly presented to and absorbed from the small 
intestine. As a result, peak blood glucose and insulin 
levels are higher in gastrectomy patients than is 
normal subjects {Phear, 1962; Roth and Meade, 
1965). Excessi ve insulin release in response to hyper- 
glycaemia is thought to cause subsequent hypo- 
giycaemia (Muir, 1949; Conn and Seltzer, 1955). 

Gastrectomy patients given intravenous glucose 
rarely develop hypogiycaemia (Butler, 1951) prob- 
ably because the insulin response to intravenous 
glucose is less than if glucose is absorbed from the 
intestine (Mclntyre, Holdsworth, and Turner, 1964; 
Elrick, Stiismier, HIad, and Aral, 1964). However, 
in the oral glucose tests in the present study, changes 
in the plasma insulin level closely fallowed changes 



in the blood glucose level suggesting that the latter 
was the pfmcipal factor determining the insulin 
response. 

Variations in the rate and pattern of gastric 
emptying offer one explanation why only a few 
gastrectomy patients develop hypoglycaeraja. In the 
oral glucose tests in the present study, patients whose 
peak glucose and insulin levels were highest were 
most liable to develop hypogiycaemia later in the 
test. A rapid initial rata of gastric emptying may 
cause a higher glucose peak before secreted insulin 
takes effect. Smith, Fraser, Staynes, and WiUcox 
(1953) found no difference in the emptying rate of 
a barium-glucose meal between gastrectomy patients 
with and without hypoglycaemic attacks. However, 
radiological assessment of gastric emptying is only 
semi-quantitative, and due to its high specific gravity, 
barium may pass rapidly through a dependent 
gastrectomy stoma and so may not accurately reSeet 
the emptying rate of food or a glucose test meal. 
Gastric emptying tests on two of our patients con- 
firsned that the gastric remnant has considerable 
reservoir function and suggested that the emptying 
rate of hypertonic glucose can vary considerably, 
Also, although we have no direct evidence for this, 
the tail end of a meal is perhaps sometimes still 
leaving the gastric remnant at two to three hours* 
thus protecting against hypogiycaemia. This could 
explain the difference in minimum glucose levels 
between the patients whose tests are illustrated in 
Figure L 

An unusually large- insulin response to oral glucose 
was seen in two patients developing hypogiycaemia 
during the test, one with a gastrectomy (no. 1 3) and 
one with a vagotomy and pyloroplasty (no. 25). The 
first patient had never had such symptoms before, 
whereas the other had frequent, troublesome attacks. 
This suggests that h>poglycaemia is sometimes doe 
to an excessive insulin response to a given blood 
glucose level, but that this may not be a consistent 
occurrence in the same individual. 

In our patients with the combined operation of 
vagotomy and partial gastrectomy the insulin 
response to a given blood glucose level and the hypo- 
glycaemic effect of endogenous insulin were unre- 
markable. The higher incidence of hypoglycaemic 
symptoms reported after vagotomy with a drainage 
procedure as compared with partial gastrectomy 
{Gotigher, Puivertaft, Be Dombal, Conyers, Dathie, 
Feather, Latchmore, Shoesroith, Smiddy, and 
Willson-Pepper, 1968) are perhaps related to faster 
gastric emptying after vagotomy (MeGill, Cameron, 
Hohs&y; and Le Quesne, 1968) rather than to any 
direct effect of vagotomy on insulin release or action. 

Increased sensitivity to exogenous insulin could 
not be demonstrated statistically in our gastrectomy 
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patients developing hy poglyeaernia after oral gfeieose. 
However, the two patients with the lowest nsinioHjm 
glucose ievels after oral glucose were more sensitive 
than most to injected insulin. Barnes (1 947} saggesied 
that postgastrectomy hyfwglycaemia might be dae 
to increased insulin sensitivity, but Muir (1949) 
found increased sensitivity to injected insulm M only 
one of 12 patients with hypoglycaernia after oral 
glucose. ;$riuthefffl/{1953) found a delay in recovery 
from hypoglycaernia after insulin injection in 
patients with a history of hypoglycemic attacks, 
although the mean minimum glucose level reached 
was not as low as in gastrectomy patients without 
attacks. We are inclined to agree with Muir (1949) 
that increased insulin sensitivity cannot be eliminated 
as a factor predisposing to hypoglycaernia in some 
cases. 

On a low carbohydrate diet, normal subjects show 
impaired oral glucose tolerance, reduced sensitivity 
to injected insulin (Himsworlb, 1935), and a smaller 
plasma insulin response to oral glucose (Hales and 
Handle, 1963b}* Many of our patients could not 
tolerate a Ml carbohydrate diet because of dumping 
symptoms and tests were therefore performed with- 
out special dietary preparation. No correlation was 
found between the dietary carbohydrate content and 
either the peak insulin level or the peak or minimutn 
glucose levels after oral glucose. The previous diet 
was not, therefore, a significant factor in determining 
the shape of the glucose tolerance curves in these 
gastrectomy patients, ft was noted that patients with 
a history of hypoglycaernia included both those who 
had restricted food intake due to fear of dumping 
attacks, and those who were able to eat heartily. 

Hypoglycaernia occurring several hours post 
prandially may be due to pre-diabetes (Seltzer, 
Fajans, and Conn, 1956). However, a family history 
of diabetes, which would increase the chance of the 
patient having pre-diabetes, was found about as 
frequently in those with as those without hypo- 
glycaernia in the present series. 

We wish to thank Miss Margaret Phipps and Mr Geoffrey 
Fafee for valuable technical assistance. We would like to 
record our gratitude to the many patients who volanteered 
to help in our studies. 
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1975 ANNUAL REPORT AVAILABLE 

The Association's Annual Report for 1975, reflecting the 
ADAs growth in professional, patient, and public information 
and research allocations, which reached a new high of S 1, 300,000 
for the year, is available free from the national office. This sum is 
four times the total of two years previously. 

NEWS OF 

A FFILIA TE ASSOCIA TIONS 

The University of Michigan, in cosponsorship with the ADA 



Michigan Affiliate, will hold a Conference on Diabetes Mcllitus 
on October 12 and 13,1976. Current concepts on the etiology, 
pathogenesis, and management of the disease and its complica- 
tions will be explored. For further information write Robert K. 
Richards, Ph.D. , Office of Continuing Education, G-l 109 Tows- 
ley Center, University of Michigan Medical Center, Ann Arbor 
Mich. 48109. 



NEWS NOTES 

EUROPEAN ASSOCIATION MEETiNG 

The Twelfth Annual Meeting of the European Association for 
the Study of Diabetes will be held in Helsinki, Finland, Sep- 
tember 1-3, this year. Inquiries should be made to the 12th F,ASD 
Meeting Secretariat, Box 2, SF— -00290, Helsinki. 

INTERNATIONAL CONGRESS 

All sessions of the International Diabetes Federation's Ninth 
Congress are scheduled for the Science Hall building, Vigyan 
Bhavan, New Delhi, India, October 3 1-November 5, Travel ar- 
rangements may be secured through Garber Travel, 1406 Beacon 
St., Brookline, Mass., 02146. Phone 617-7.34-2100. 



ACTA DIABETOLOGICA LATIN A, Vol. XII, 1975 

The Publishing House « IL PONTE » S.r.J. - Via M. A. Colon™, 27 - 20149 Milano (Italy). 

revised editorial format 

Editorial Advisory Council: U. Buttmim, Parma; E. R. Froescb, Zurich; H. Keen London- 
V ^febwe, Liege; G. Lent,, Torino; R. Lujt, Stockholm; H. Mchnert, Miin- 
chen; Ph Vague, Marseille; B. L Wajcbenberg, Sao Paulo; R. S. Yalow, 
New York. 

Editorial Board, L. Adezati Geneva; P. Brunetti, Perugia; E. Marubini, Milano; R. Miiller, 

Wiesbaden; h. Pannese, Milano; L. Robba, Bergamo. 
Managing Editors: S. Mango, La Spezia; G. Pozza, Milano. 

Acta Diabetologica Latina publishes reviews, original contributions and leading articles con- 
cerned with the clinics, the pharmacology, the physiology and the biochemistry 
of diabetes. It aims to promote discussion between diabetologists on an inter- 
national basis, From Vol. VI, 1969 onwards all articles have been bilingual i e 
English and one of the Latin languages. Since Vol. XI, 1974 the journal is 
published exclusively in English. 
Bibliographic data: Acta Diabetologica Latina appears six times a year. The six issues con- 
stitute one volume. The first issue of each volume contains subject index 
authors index and volume index of the previous volume. Supplements (mo- 
nographs congress proceedings and information sections) are occasionally 
published. 

Subscription rate per volume US $ 50, including postage by surface mail. Special rate for 
members of diabetology and endocrinology societies. Price per single issue 
US % 10, back issues US % 20. Sample copies are available on request. 
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Plasma Glucose and Insulin Responses 
to Orally Administered Simple 
and Complex Carbohydrates 

Phyllis A. Crapo, R.D., * Gerald Reaven, M.D.,f 
and Jerrold Olefsky, M.D.,+ Palo Alto 



Summary 



We have studied the effects of glucose, sucrose, and various 
starches on postprandial plasma glucose and insulin responses in 1 9 
subjects. All carbohydrate loads were calculated to contain 50 gm. of 
glucose, and the response to each carbohydrate was tested twice: 
when given alone in a dri ok or when given in combination with other 
nutrients as a meal. The data demonstrate: (1) Glucose and sucrose 
elicited similar plasma glucose response curves, but sucrose elicited a 
somewhat greater (20 per cent) plasma insulin response, (2) Raw 
starch ingestion resulted in a 44 per cent lower glucose response and a 
35-65 per cent lower insulin response than did either glucose or 
sucrose ingestion. (3) When carbohydrate was given as a meal the 



The carbohydrate content of diets has received con- 
siderable attention in recent years. Diets restricted in 
carbohydrate have been recommended for two particu- 
lar groups of patients — those with diabetes 1 and those 
with endogenous hypertriglyceridemia. 2 The rationale 
for carbohydrate restriction is usually based on the 
supposition that a decrease in the carbohydrate con- 
tent of the diet will decrease the postprandial glucose 
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plasma glu6ose responses were 40-60 per cent lower than when the 
same carbohydrate was given as a drink, while the insulin responses 
were generally similar, and (4) when different cooked starches were 
compared, the plasma glucose and insulin responses to rice were 
significantly lower (50 per cent) than to potato. In conclusion, the size 
of the carbohydrate molecule appears to influence the postprandial 
glucose and insulin responses such that more complex carbohydrates 
(starches) elicit lower responses. This effect may be related to "differ- 
ences in digestion rather than to differences in absorption. 
Diabi-tes25:74I-47, September, 1976. 



and/or insulin responses. The usual way of accom- 
plishing total carbohydrate reduction is to decrease the 
amount of glucose and refined sugar (sucrose) without 
necessarily decreasing the starch (complex carbohy- 
drate) content of the diet. This is based on the belief 
that glucose and sucrose are more readily available for 
immediate absorption, thereby producing a greater 
and faster rise in postprandial plasma glucose and in- 
sulin responses, in contrast to the supposedly slower 
and more gradual digestion and absorption of more 
complex carbohydrates. 3 " 5 

However, other lines of investigation suggest that 
starch 'and glucose are assimilated at the same rate. 
Thus, after a test meal in normal man, Dahlqvist and 
Borgstrom 6 found that sufficient amounts of in- 
traluminal amylase were present to rapidly' hydrolyze 
ingested starch. This has been confirmed by Fogel and 
Grey, 7 who found that absorption, not intraluminal 
digestion, was therate-iimiting step in over-all starch 
assimilation. These findings cast doubt on the original 
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assumption that the kind of dietary carbohydrate af- 
fects the subsequent postprandial serum glucose re- 
sponse. In addition, starch tolerance tests have been 
used to diagnose amylase deficiency in patients with 
pancreatic insufficiency, 8 " 10 and these tests show that 
in normals the increases in blood glucose following 
starch or glucose are comparable. However, these 
studies 8 " 10 were done with the carbohydrate as a 
single agent mixed with water, and it is conceivable 
that some interplay between food constituents (pro- 
tein, fat, carbohydrate) occurs that could result in 
different rates of digestion and absorption for different 
carbohydrates. Furthermore, since the postprandial 
plasma insulin response is partially dependent on the 
ability of food constituents to stimulate the secretion 
of a number of gastrointestinal insulinogenic 
hormones, 11 it is possible that when mixed with other 
nutrients (protein and fat) different kinds of carbohyd- 
rate differ in their ability to stimulate these gastroin- 
testinal insulinogenic factors. 

We have therefore studied the effects of different 
kinds of dietary carbohydrate on the postprandial 
plasma glucose and insulin responses when given 
alone and in combination with other nutrients-, in a 
test meal. 

MATERIALS AND METHODS 

Nineteen normal volunteers, eleven women and 
eight men, were studied. Mean age of the 19 subjects 
was 34 (range: 25-48) years. Mean weight was 147 
pounds, and mean relative weight according to the 
Metropolitan Life Tables was 0.92, with a range of 
0.78 to 1.15. No drugs known to affect glucose or 
insulin metabolism were being used by any of the 



subjects. During the course of the studies, each sub- 
ject consumed a weight-maintenance solid-food diet 
that included at least 200 gm. of carbohydrate each 
day. Three different sources of carbohydrate (glucose, 
sucrose, and starch) were studied. Each was studied 
alone and in combination with other nutrients. Since 
starch is normally eaten in its cboked form, and our 
starch solution was uncooked, we also studied potato 
and rice. The composition of these test carbohydrate 
loads is outlined in table 1. It should be noted that we 
used 100 gm. of sucrose, 50 gm. of glucose, and 50 
gm . of starch . The test loads were calculated so that the 
glucose load in all three carbohydrates would be equal. 
Throughout the rest of the paper the carbohydrates 
when given alone will be referred to as "drinks" and 
when given with the other nutrients will be referred 
to as "meals." All tests were conducted following 
an overnight fast, and their order was randomized. At 
8 a.m., the subject was given one of the solutions or 
the potato or rice to drink or eat. They consumed the 
test load in 15 minutes. Blood samples were drawn for 
measurement of plasma glucose and insulin at time 0 
and at 30, 45, '60, 120, and 180 minutes following 
the beginning of the period of consumption. There 
was at least a one-day interval between each study. 

ANALYTIC METHODS 

Samples for plasma glucose were collected in EDTA 
tubes and measured by a Beckman Glucose Analyzer 
by the glucose oxidase method of McComb and 
Yushok. 12 Plasma immunoreactive insulin was meas- 
ured by the method of Desbuquots and Aurbach. 13 
Statistical analysis was carried out by the use of the 
paired /-test for dependent means. 



Glucose (drinks) 
Sucrose (drinks) 
Starch (drinks) 
Glucose (meals) 
Sucrose (meals) 
Starch (meais) 

G. Potato (baked) 

H. Rice (boiled) 



TABLE I 
Composition of tolerance tests 



Glucose 
gm. 
50 



50 



Sucrose 
gm. 

lOOt 
100 



Soluble 
starch* 
gm. 

50 

50 



Powdered 
egg albumin 
gm. 



20 
20 
20 



Com 
oil 
gm. 



20 
20 
20 



Russet Long-grain 
potato white rice 
gm. (raw) gm. 



385 jt 



61.5§ 



Lemon 


Total 


extract 


volume 


5 ml. 


500 ml. 


5 ml. 


500 ml. 


5 ml. 


500 ml. 


5 ml. 


500 ml. 


5 ml. 


500 ml. 


5 ml. 


500 ml, 




500 ml.// 




500 ml.// 



♦Amylopectin, Sigma. 

tlOO gm. of sucrose was used to give equivalent 50 gm. load of glucose. ■ j 

t385 gm. of raw Russet potato was baked and the skins were removed. Mean carbohydrate ingested was 51 gm, ' 
§61 .5 gm. of dry rice contains 50 gm. of carbohydrate. '■ ' 

//Subjects drank 500 cc. water while eating the potato or rice. 
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RESULTS 1 

The plasma glucose and insulin responses to the 
glucose, sucrose, and starch drinks are summarized in 
figure 1. It can be seen (figure 1A) that the plasma 
glucose curve following a 50-gm. glucose bad is not 
statistically different from the plasma glucose curve 
following a 100-gm. sucrose load (50 gm. glucose). 
The plasma glucose response curve to starch is flat, 
but because the glucose and sucrose curves decrease 
below fasting values at later time points, it exceeds 
the curves for glucose and sucrose at 60, 120, and 
180 minutes. The plasma insulin curve (figure IB) 
following the sucrose load is greater at all points than 
the plasma insulin curve after glucose, and these dif- 
ferences are statistically significant at 30 (p < 0.01) 
and 1.20 (p < 0.01) minutes, indicating that sucrose 
results in a greater insulin response than does glucose 
on a molar basis. The insulin response curve following 
the starch is flat, but it exceeds the glucose and su- 
crose curves at 120 and 180 minutes. 

Figure 2 compares the plasma glucose and insulin 



i5o I 1 — i — s ! — r — r 




f IG. 1. Mean (± S.E.) plasma, glucose (A) and insulin (B) re- 
sponses to glucose, sucrose, and stored drinks. 



130 | — r i -i 1 r 




TIME (MINUTES} 

FIG. i. Mean (± S.E.) plasma glucose (A) and insulin (B) re- 
sponses to glucose, sucrose, and starch meals. 

responses to the glucose, sucrose, and starch meals; 
There is no difference in the glucose response to a 
glucose or sucrose meal (figure 2A). The glucose re- 
sponse to a starch meal is flattened in the first hour 
compared with glucose and sucrose meals but, again, 
is higher at 60, 120, and 180 minutes. The insulin 
response (figure 2B) following the sucrose meal is 
statistically greater than following the glucose meal at 
120 (p < 0.005) and 180 (p < 0.005) minutes, and 
again it can be seen that, on a molar basis, sucrose 
results in a greater insulin response than does glucose. 
Both the glucose and sucrose meals have significantly 
greater insulin responses than do starch meals. 

In figures 3 and 4 one can see that although identi- 
cal amounts of carbohydrate were given in the drinks 
and meals, the plasma glucose response (figure 3) to 
meals was always less than that to drinks, while the 
insulin responses (figure 4) were slightly higher with 
the meals. We have reported similar findings 
previously, 14 and this indicates that the interplay of 
food constituents will attenuate glucose responses 
without affecting. over-aSI insulin responses. 

The plasma glucose and insulin response curves to 
the starch drinks and starch meals are quite flat, and 
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30 45 60 120 '180 

TIME (MINUTES) ' ' 

FIG. 5. Meon (± S.E.) plasma glucose (A) and insulin .(B) re- 
sponses to 50 gm. of glucose given as potato or rice. 



higher following a glucose load than following a 
starch load. 

The above results seem to be somewhat paradoxic in 
view of recent direct studies of digestive and absorp- 
tive processes. For example, Dahlqviic and 
Borgstrom 6 and Fogel and Grey 7 have demonstrated 
that intraluminal amylase is present in excess and that 



ingested starch is rapidly hydrolyzed following a test 
meal. These workers have concluded that enzymatic 
digestion is not the rate-determining step and that 
glucose and starch are absorbed as glucose at the same 
rate. Our results are not necessarily inconsistent with 
these latter findings, since some other effect, such as 
the rate at which starch or its digestive products enter 
the small intestine, may also be responsible for the 
lower glycemic and insulin responses following starch 
ingestion. In addition, it is possible that the uncooked 
state of the starch we employed in the starch drinks 
and meals was a factor in the results, since Althausen 
and Uyeyama" have reported that "soluble starch" re- 
sulted in flat glucose curves if mixed with cold water 
but normal glucose curves if mixed with boiling 
water, fjumans normally eat their starch or complex 
carbohydrates in a cooked state, and it is possible that 
the cooking of the carbohydrate makes a critical dif- 
ference in its fate in the gastrointestinal tract. 

The idea that digestion and absorption may not be 
the same for all^starch molecules receives support from 
the data presented in figure 5. Rice starch elicited a 
much lower insulin and glucose response than did 
potato starch, and this has obvious potential impor- 
tance in formulating rational dietary-therapeutic 
programs for patients in whom carbohydrate restric- 
tion is advised. The mechanism for these differences is 
nbt clear, although gastric emptying time and the 
physical availability of the starch to the hydrolytic 
enzymes may be factors. 

Since our results indicate that ingestion of a large 
carbohydrate molecule results in lower plasma glucose 



TABU; 2 



Glucose and insulin responses during the oral carbohydrate tolerance tests 















Plasma glucose (mg.per cent) 










F 




30 




45' 


60' 


120' 


180'. 


1. Glucose drink (N=19) 


90 


±1.1* 


131 


± 


5.1 


121 ±6.3 


104 ±'6.9 


80 ±'5.7 


83 ±'4.1 


2. Sucrose drink (N= 19) 


89 


±1.3 


138 


±" 


7.3 


121 ±8.1 


95 ± 6.5 


79 ±'4.4 


82 ±'2.7 


3. Starch drink (N = 7) 


91 


±1.7 


105 




2.8 


104 ± 5.3 


108 ±'4.3 


90 ±'5.4 


89 ±'2.7 


4. Glucose meal (N=19) 


89 


±1.1 


114 




5.5 


104 ± 6.0 


88 ±"6.0 


75 ±'3,1 


82 ±1.8 


5. Sucrose meal (N=19) 


89 


±1.1 


115 


± 


7.0 


100 ± 6.2 


88 ± 5.9 


77 ±3.5 


80 ± 2.5 


6. Starch meal (N=7) 


89 


±0.9 


100 




3.6 


96 ± 5.6 


93 ±'5.2 


91 ±'3.7 


90 ±'3.1 


7. Rice (N = 13) 


87 


±2.0 


109 


± J 


4.1 


86 ±>.6 


80 ± 3.1 


87 ± 2.4 


91 ±2.7 


8. Potato (N=17) 


91 


±1.2 


123 


— ' 


4.1 


111 ± 7.2 


91 ±6.0 


80 ±1.8 


88 ±1.2 














Plasma insulin (jiU./val.) 






1. Glucose drink (N=19) 


6 


±1.2 


59 


+ 


6.8 


55 ±'6.9 


37 ±'6.0 


8 ±1.7 


4 ± 0.8 


2. Sucrose drink (N= 19) 


6 


±1.2 


72 




6,7 


64 + 8.3 


43 ± 8.6 


15 ± 3.1 


5 ±1.1 


3. Starch drink (N=7) 


8 


±1.3 


2! 


± 


4.7 


27 ± 6.5 


26 ±'7.3 


18 ± 7.0 


10 ±'3.5 


4.. Glucose meal (N- 19) 


7 


±1.4 


69 




10.6 


62 ± 7.8 


41 ±'7.3 


11 ±'4.5 


5 ±1.2 


5- Sucrose meal (N=19) 


6 


±1.1 


67 


± 


8.5 


60 ± 9.8 


45 ±'8.7 


26 ±'5.7 


14 ±'3.3 


6. Starch meal (N=7) 


9 


±2.5 


39 




9.9 


38 ± 7.1 


36 ±7.8 


19 ± 6.8 


14 ± 4.3 


7. Rice <N= 13) 


6 


±1.6 


34 




5.8 


20 ±'4.0 


12 ±'3.9 


6 ±'1.6 


10 ± 5.1 


8. Potato (N = 17) 


4 


±0.7 


51 




4.7 


46 ± 5.1 


27 ±5.5 


4 ± 0.9 


4 ± 0.9 



*Mean ± Standard Error. 
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and insulin responses, one might expect sucrose inges- 
tion to result in lower responses than glucose inges- 
tion, since sucrose is a disaccharide and requires en- 
zymatic digestion prior to absorption. How- 
ever, it has been shown that disaccharide di- 
gestive processes provide monosaccharides in 
sufficient quantities for transport to occur at maxi- 
mal rates, and in both man 15 and rats 16 the rate of 
absorption of glucose and fructose components did not 
differ whether sugar was fed as sucrose or as its 
monosaccharide mixture. Our results are compatible 
with these latter findings, since we found that when 
given m equimoiar amounts, glucose and sucrose re- 
sult in equal glycemk responses. However, sucrose 
did elicit a greater insulin response than glucose- the 
reason for this is not clear, since sucrose consists of 
glucose and fructose, and fructose alone does not 
stimulate insulin secretion. 17 On the other hand 
Curry et al. ls have shown that fructose can potentiate 
insulin release in the presence of glucose; this could 
possibly account for the increased insulin response to 
sucrose seen in figures 1 a „d 2. In addition, it is 
possible that some conversion of fructose to glucose 
may occur within the intestinal mucosa, resulting in a 
larger absolute load of glucose in the plasma with the 
sucrose than with the glucose. ^ This increased load 
could account for the increased insulin secretion. 21 

Our findings that starches generally give lower glu- 
cose responses than pure glucose while the disac- 
char.de (sucrose) gives an equivalent response might 
be explained by examining the digestive processes. 
Starch digestion proceeds by a two-step process: the 
Starch molecule is bydrolyzed (amylase) to disac- 
chandes (maltose) and dextnns in the lumen of the 
gut; these products are then converted to monosac- 
charides by disacchandases located on the brush border 
of mucosal cells. Thus, our results suggest that the 
brush-border phase of digestion does not limit glucose 
absorption whereas the luminal phase might. Clearly, 
slowed luminal digestion could result from delayed 
gastric transit time, differences in fiber content or 
anything that causes the starch molecule to be physi- 
cally unavailable to the luminal enzymes and need not 
imply deficient enzyme activity per se. 

Lastly, when glucose, sucrose, and starch were 
given as meals, lower glucose but similar insulin re- 
sponses resulted than after plain drinks. W e haye K 
ported similar findings previously, » and Estrich et 
ai. have also shown that in adult diabetics the addi- 
tion of protein and fat to a carbohydrate load leads to 
flattening of the glucose response curve. It is possible 
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thar these differences .are due to stimulation of Ras 
trointestmal insufinog'ehic! hormones by protein 23 or 
that the amino acids derived from protein have poten- 
tiated beta-cell secretion of insulin. ^Additionally it 
has been well demonstrated that fat has an inhibitory 
effect on gastric emptying.^ Thus, since theglycemic 
response to a meal depends on the rate of entry and 
removal of glucose from plasma, the lower glyceric 
response to meals could be due to slower absorption 

deiay , a fiastric empcying > or enhan «j 

removal due to insulin's stimulatory effect on glucose 
uptake. 6 

In conclusion, we find that complex carbohydrates 
starches) result in lower glucose and insulin responses 

dZTrt™ am u° UntS ° f gk!C0Se aS mono - or ^sac- 
charides The mechanisms for this effect are not clear 

although delayed luminal digestion seems likely Fi- 
nal y, the unexpected finding that rice starch resulted 
<n lower plasma glucose and insulin responses than 
potato starch indicates that all starches are not treated 
identically by gastrointestinal digestive and absorp- 
tive processes. Clearly, further studies will be neces- 
sary to delineate the mechanism for this latter finding.' 
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EFFECT OF 50 AND 100 g GLUCOSE LOADS 
ON PERIPHERAL MUSCLE GLUCOSE METABOLISM 

IN NORMAL MAN 

Effets sur Je me'tabolisme glucose du tissu musculaire peripherique de 1'homme sain 
d'une charge orale de 50 ou 100 g de glucose 

M.C. FOSS, FJ.A. PAULA, G.M.G.F. PACCOLA, 
L.M.F.B. GOUVEIA AND C.E. PICCINATO 

Department of Internal Medicine, School of Medicine of Ribeirao Prelo, University of Sao Paulo (USP), 1404% Ribeirao Preto, Brazil. 



Resume 

L'fitude a pour but de comparer les effets d'une 
charge orale de 50 g (G.50) ou de 100 g (G.100) de 
glucose sur la consommation de glucose par les muscles 
de l'avant-bras ainsi que sur les composantes du m£ta- 
bolisme oxydatif et non-oxydatif chez I'hommc normal. 
Dix sujets sains, de sexe masculin, ont et£ 6tudkis le 
matin a jeun (apres 12-14 h de jeune) et pendant les 3 
heures suivant ^ingestion du glucose. Le m6tabolisme 
periphdriquc du glucose a ete etudie en utilisant !a 
technique de l'avant-bras pour mesurcr les echanges mus- 
culaires du substrat couplee a la calorimeTrie indirecte. 

La quantity de glucose captee par les muscles, de 
meme que celle mdtabolisde par la voic non-oxydative, 
sont plus importantes dans le test G.100 que dans le test 
G.50 (G.100 : 178,9 ± 19,7 et 155,3 ± 23,0 vs 103,5 ± 
16,6 et 85,2 ± 16,7 mg/100 g muscles de l'avant-bras par 
3 heures, respectivement). L'oxydation du glucose par les 
muscles n'est pas significativement differente apres les 2 
charges de glucose. Les concentrations plasmatjques d'in- 
suline sont significativement plus elevees apres 100 g de 
glucose qu 'apres 50 g de glucose. 

En conclusion, cette etude revele line reponse m£ta- 
bolique dose-dependante en ce qui concerne ['utilisation 
musculaire et le m£tabolisme non-oxydatif du glucose 
apres i'ingeslion d'une charge de 50 g et de 100 g de 
glucose chez le sujet normal. Par contre, la reponse de 
la voie oxydative ne semble pas etre directement pro- 
portionnelle a {'importance de la charge orale de glucose. 

Diabete Melab., 1992, 18, 78-83. 

Mots cits: Mdtabolisme pe"ripherique du glucose. Captation 
du glucose par l'avant-bras. MiSiaboIismc oxydatif ct non-oxydatif 
du glucose-charge orale de 50 ct 100 g de glucose. 



Summary 

The present study was designed to determine the 
effects of 50 and 100 g glucose loads on forearm muscle 
glucose uptake, oxidation and nonoxidative glucose meta- 
bolism in normal man. Ten healthy male subjects were 
studied during the postabsorptivc state (12-14 h overnight 
fast) and for 3 hours following glucose ingestion. Peri- 
pheral glucose metabolism was analysed by the use of 
the forearm technique to estimate muscle exchange of 
substrate combined wilhy indirect calorimetry. 

Greater forearm muscle uptake and nonoxidative meta- 
bolism of glucose were observed in the subjects during 
the G.100 study than during the G.50 study (G.100 = 
178.9 ± 19.7 and 155.3 ± 23.0 vs 103.5 ± 16.6 and 85.2 
± 16.7 mg/100 g forearm muscle. 3 h, respectively), the 
muscle glucose oxidation dit not show significant difference 
after the two glucose loads. Insulin levels reached after 
100 g glucose ingestion were significantly higher than 
after the 50 g glucose load. 

In conclusion, this study revealed a dose-dependent 
metabolic response in the muscular tissue of normal 
subjects to oral glucose loads of 50 and 100 g, with 
respect to forearm muscle glucose uptake and nonoxidative 
glucose metabolism. The oxidative responses of the muscle 
tissue to the oral glucose challenges seem not to be 
directly proportional to the ingested meals. 

Diabete Melab., 1992, 18, 78-83. 



Key words: Peripheral glucose metabolism. Forearm glucose 
uptake. Oxidative and nonoxidative glucose metabolism. 50 and 
100 g oral glucose disposal. 
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The quantitative participation of the insulin- 
deoendent tissues in the disposal of an oral 
glucose load has been intensively investigated, 
emphasizing the important role of peripheral tis- 
sues (particularly the muscle) in the processing 
of this meal (1-4). In a previous study (5), we 
showed that in normal subjects after ingestion of 
75 g of glucose, 30.3 ± 2.1 g of this substrate 
were taken up by the skeletal muscle in the whole 
body and 8.1 ± 0.6 g were oxidized in this tissue 
during 3 hours. However, the magnitude of this 
metabolic response in relation to the size of the 
glucose load was not defined in these studies. 
The characterization of this dose-response rela- 
tionship is important because different glucose 
loads are used in oral tests of glucose tolerance, 
which are widely employed for the diagnosis of 
diabetes meilitus and other forms of glucose 
intolerance. 

The present study was thus designed to deter- 
mine forearm muscle glucose uptake, oxidation 
and nonoxidative glucose metabolism in the pos- 
tabsorptive state and during the 3 hours following 
the ingestion of 50 g or 100 g glucose loads in 
normal control subjects. Peripheral glucose meta- 
bolism was analysed by using of the forearm 
technique to estimate muscle exchange of subs- 
trate combined with indirect calorimetry. 



SUBJECTS AND METHODS 

Ten healthy male subjects between 23 and 39 years 
of age (mean age, 28,5 ± 1.9 years) were studied at the 
University Hospital of the School of Medicine of Ribcirao 
Preto (Brazil). Their mean body weight was 66 ± 4 kg, 
or 99 ± 3 % of ideal body weight as determined by the 
Metropolitan Life Insurance Tables (1959). There was no 
evidence of liver disease or diabetes meilitus, as indicated 
by normal laboratory tests and oral glucose tolerance 
tests (6). All subjects were asked to take meals containing 
a minimum of 200 g carbohydrate for at least 3 days 
prior to the study. At this time, all participants were free 
from acute illnesses and any medication. Before giving 
their free consent to participate, the volunteers were 
carefully informed of the nature, purpose, and possible 
risks of the study. No side effects were observed in any 
of the studies. The protocol was approved by the Ethical 
Committee of the University Hospital - School of Medi- 
cine of Ribeirao Preto — USP. 

After a overnight fast 12-14 h, the studies were 
initiated in the morning with the subjects resting in a 
bed in the supine position. The brachial artery in the 
left arm and a right antecubital deep vein were cannulated 
as previously described (5, 7, 8). After an equilibration 
period of 30-60 minutes, forearm blood flow was deter- 
mined by capacitance plethysmography (8, 9), and arterial 
and venous blood samples were drawn simultaneously to 
determine plasma glucose (10), FFA (11), total blood C0 2 
and 0 2 (12) and serum insulin (13). After this procedure 
under basal conditions, the subjects ingested 50 g or 100 
g of glucose dissolved in 300 ml of flavoured water, and 
further blood samples were collected and forearm blood 
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flow determinations made at 30, 60, 120, and 180 minutes 
after glucose ingestion. A second study with the alternate 
glucose load was performed no more than 4 weeks later 
under the same experimental clinical conditions. 

The amount of substrate taken up or released by the 
forearm in a determined time (Q) was calculated using 
the following equation : Q = F (A-V), where F is the 
forearm blood flow, and A and V are the arterial and 
venous concentrations of the substrate, respectively. 
Forearm glucose uptake rate was calculated using blood 
flow and whole blood arterial and venous glucose concen- 
trations. Whole blood glucose concentration was calculated 
from the respective plasma glucose level by the formula : 
whole blood glucose concentration = plasma glucose 
concentration x (1 — 0.3 hematocrit) (14). The relationship 
between the arteriovenous differences in COj and 0 2 was 
used to determine the respiratory quotient (RQ). The 
Lusk tables (15) were then used to obtain the carbohydrate 
and lipid oxidation rates. The amount of glucose taken 
up or oxidized during the 3 hours of the experiment was 
estimated by the determination of the areas under the 
curves for glucose uptake and oxidation rates, respectively. 
For the measurement of glucose uptake and oxidation 
by the skeletal muscle in the forearm, it was considered 
that muscle blood flow is equal to (0.47 x total forearm 
flow + 0.83) (16) and that muscle occupies 72 % of the 
forearm volume in normal male subjects (17). 

Results arc reported as the mean ± SEM. To test 
statistically the significance of the response of a variable 
(e.g., glucose uptake rate) to the different glucose loads, 
analysis of variance was performed for the entire set of 
observations in each study. To compare the differences 
between the mean values at each time point of the 
studies, the paired Student t-test was used (18). 



RESULTS 

Forearm blood flow did not change signifi- 
cantly throughout the studies (Table I) and its 
average values did not differ significantly between 
the two oral glucose tests (G.50 = 2.62 ± 0.18 
vs G.100 ~ 2.84 ± 0.20 ml/100 ml forearm, min). 
Plasma arterial (A) and venous (V) glucose levels 
are shown in Fig. 1. The arterial and venous 
plasma concentrations of glucose reached during 
the 100 g oral glucose study (G.100) were always 
higher than during the 50 g oral glucose study 
(G.50). The arteriovenous differences in plasma 
glucose were also higher in G.100 than in G.50, 
with statistical significance (P < 0.05) at 120 and 
180 minutes. The basal forearm glucose uptake 
rate (Fig. 1) of the normal volunteers was similar 
in G.50 and G.100 studies (0.164 ± 0.033 vs 0.124 
± 0.023 mg/100 ml forearm, min, respectively). 
After ingestion of either glucose load, the subjects 
showed a significant increase in the rate of 
forearm glucose uptake, but this reached higher 
levels in response to the 100 g glucose challenge 
compared to the 50 g glucose challenge, m par- 
ticular at 120 min (G.50 = 0,337 ± 0.097 vs 
G.100 = 0.920 ± 0.160 mg/100 ml forearm.min, 
P < 0.005) and at 180 min (G.50 = 0.073 ± 
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Table I. - Forearm blood ftm, O, consumption, CO, production respiratory quotient <K&&f^^imJ%100\ If^f^ < 
rate in normal subjects at the postabsorptive stale (0 lime) and for 5k after tngestwn of 50 g (G.50) or 100 g (G.100) of glucose. 



Time (minutes) 



30 



60 



120 



180 



Blood Flow G.50 2.63 : 

(mi/100 m! forearm.min) G.100 2.84 

0 2 consumption G.50 0.260 . 

(ml/100 ml forearm.min) G.100 0.310 

C0 2 production G.50 0.179 : 

(ml/100 ml forearm.min) G.100 0.212 

Respiratory Quotient G.50 0.69 

(RQ) G.100 0.68 

Glucose oxidation rate G.50 0.013 

(mg/lOOml forearm.min) G.100 0.015 

Lipid oxidation rate G.50 0.124 

(mg/lCOmi forearm.min) G.100 0.147 



:0.35 
t0.39 

:0.04 

t0.05 

:0.03 

t0.04 
:0.02 
t0.03 
;0.0I 
tO.01 

t0.02 
t0.02 



2.50 ±0.32 
2.56 ±0.41 

0.279 ± 0.05 
0.315 ± 0.06 

0.210 ± 0.04 
0.242 ± 0.05 

0.75 ±0.03 
0.76 ±0.03 
0.081 ± 0.04 
0.090 ± 0.04 

0.105 ± 0.02 
0.119 ±0.02 



2.43 ±0.30 
2.79 ±0.45 

0.270 ±0.04 
0.337 ± 0.07 

0.192 ±0.03 
0.253 ± 0.05 
0.71 ±0.04 
0.75 ±0.04 



0.043 
0.0S1 



;0.02 

:0.03 



0.116 ±0.02 
0.134 ±0.03 



2.85 ±0.35 
2.90 ±0.46 

0.293 ±0.04 
0,365 ± 0.06 
0.23S ±0.03 
0.312 ± 0.05 
0.80 ±0.03 
0.86 ±0.06 

0.117 ±0.04 
0.195 ± 0.05 

0.097 ±0.02 
0.101 ± 0.03 



2.67 ± 
3.10 ± 

0.295 ± 
0.372 ± 

0.262 £ 
0.318 ± 

0.89 ± 
0.86 ± 
0.207 ± 
0.167 ± 

0.061 ± 
0.115 ± 



0.37 
0.50 

0.04 
0.06 

0,04 
0.05 

0.04 
0.06 

0.05 
0.06 

0.02 
0.03 



1.600- 





0.031 vs G.100 = 0.674 ± 0.164 mg/100 ml 
forearm.min, P < O.00S). 

In the postabsorptive state (0 time), there 
were no significant differences between the G.50 
and G.100 studies with respect to 0 2 consumption, 
C0 2 production, RQ, or oxidation rates of glucose 
and lipids in the forearm of the participants (Table 
I). Glucose ingestion (50 g or 100 g) was associated 
with a significant increase in C0 2 production and 
RQ, whereas the increase in O a consumption was 
only slight reaching its highest levels during the 
last two hours of the studies. The rates of glucose 
and lipid oxidation, in accordance with the RQ 
values, showed that there was a clear predomi- 
nance of lipid oxidation in the postabsorptive 
state in both tests. However, after glucose inges- 
tion, the rate of lipid oxidation fell significantly 
while the glucose oxidation rate increased mar- 
kedly in the forearm of the subjects, reaching 
levels slightly higher in the G.100 study than in 
the G.50 data but the difference was statistically 
significant at 120 minutes only (P < 0.05). 

Table II shows the overall muscle glucose 
disposal data during the 3 hours of study. The 
amounts (total and above basal values) of glucose 
taken up by the forearm muscle of the subjects 
during the tests showed significant differences 
between loads (P < 0.005), i.e. greater in the 
G.100 test than in G.50 test. Extrapolating these 
data to total muscular tissue of the body (40 % 
body weight) it was evidenced that 27.0 ± 4.0 g 
(G.50) and 46.7 ± 4.6 g (G.100) of glucose were 
taken up by peripheral muscles, corresponding 
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Fig. 1. - Plasma glucose foels (A: arterial; V; venous) and 
forearm glucose uptake rales in nonnal subjects ai the postabsorplive 
state (0 lime) and during 3 hours following ingestion of 50 (0.50} 
or 100 g (C.W0) of glucose. 
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Tabi^e H. — Peripheral muscle glucose disposal data (total ~ 7" 
and above basal values = Ab) for the 3 hours following ingestion 
of S0$ (G.SO) or 100 g (G.100) of glucose. 



G.SO 



G.100 



Uptake T 

(mg/100 g muscle) Ab 

Oxidation T 

(mg/100 g muscle) Ab 

Nonoxidative T 
metabolism 
(mg/100 g muscle) 



103.5 ± 16.6 

72.1 ± 15.1 
18.3 ± 5.2 
15.6 ± 4.8 

85.2 ± 16.7 



178.9 ± 19.7 
154.3 ± 17.5 

23.6 ± 4.5 
20.5 s 4.2 

155.3 ± 23.0 



respectively to 54 % and 46.7 % of the ingested 
loads. During the 3 hours of study, forearm 
glucose oxidation (total and above basal), although 
slightly higher in the G.100 test, was not signi- 
ficantly different between the two glucose chal- 
lenges. On the basis of forearm glucose uptake 
and oxidation date, nonoxidative glucose meta- 
bolism was significantly greater during the G.100 
than during the G.50 test (P < 0.005). 

Under basal conditions (0 time), serum FFA 
concentrations were elevated in all subjects (Fig. 
2), but similar in both studies (G.SO or G.100). 
After glucose ingestion, serum FFA levels decli- 
ned markedly in both studies to similar concen- 
trations at 30, 60 and 120 min. During the last 
hour of observation, the serum FFA levels were 
kept suppressed in the G.100 test, while in the 
G.50 test they tended to increase at 180 minutes. 

The serum insulin levels were similar before 
the ingestion of either glucose load bu the res* 
ponse to the challenges was significantly greater 
in the G.100 compared to G.50 test (P < 0.05). 



DISCUSSION 

At the cellular level in the muscular tissue, 
glucose disposal is dependent on its uptake and 
metabolism by both oxidative and nonoxidative 
pathways. The present study demonstrated a dose- 
dependent pattern of response of glucose uptake 
in peripheral muscle when different amounts (50 
or 100 g) of glucose were administered. The 
increment in the forearm glucose uptake rate 
(Fig. 1) and the amounts of glucose (Table II) 
taken up by the forearm muscle of the normal 
subjects during the G.100 study were significantly 
greater than during the G.50 study. It is important 
to note that the higher rate of glucose uptake 
in forearm muscle following the ingestion of the 
100 g glucose load was directly related to the 
greater supply of this hexose and to the adequate 
insulinization of this tissue (arterial glycemic and 
insulin levels during the last 2 hours in G.100 — 
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Fio. 2. - Serum insulin and free falty acids lewis in normal 
subjects at the postabsorplhe stale (0 time) and during 3 hours 
following ingestion of 50 (G.50) or 100 g (G.100) of glucose. 



Fig. 1), while during the G.50 study the glucose 
uptake rate as well as the plasma glucose and 
insulin concentrations returned to levels similar 
to baseline values as soon as 120 minutes. 

The relative importance of each organ or tissue 
in the disposal of an oral glucose load is still 
controversial (1-5, 19-21). In the present study, 
we observed that during the 3 hours following 
the ingestion fo 50 or 100 g glucose, the glucose 
uptake by the skeletal muscle of the whole body 
accounted for 27 ± 4 g (G.50) and 47 ± 5 g 
(G.100), comprising 54 % and 47 % of the ingested 
loads, respectively. This important participation 
of the muscular tissue in the disposal of an oral 
glucose load, equivalent to or even greater than 
the contribution of the splanchnic area, are in 
accordance with other observations (2-5, 21). But 
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more importantly, we observed that this partici- 
pation of the muscular tissue in that metabolic 
adaptation seems to be relatively more significant 
with the lower dose of glucose (50 g) than with 
oral glucose loads of 75 g (5) or 100 g. These 
data suggest that the hepatic glucose uptake may 
play a greater contribution to the disposal of 
greater glucose loads with higher glycaemic levels, 
because this tissue contains glucokinase, a phos- 
phorylation enzyme of high Km, while the hexo- 
kinase, with a lower Km, is the enzyme mainly 
responsible for glucose phosphorylation in the 
muscle cell. 

In previous studies on fuel oxidation, in the 
whole human body as measured by indirect calo- 
rimetry, we (22) and Moeri et al. (23) observed 
a dose-dependent metabolic response of normal 
subjects to oral glucose loads of 50 and 100 g, 
suggesting that the modulation of this oxidative 
response to glucose ingestion is related to the 
participation of insulin-dependent tissues (mainly 
liver and muscle). Other studies (24-26) using the 
same method have already demonstrated that the 
oxidative pathway is more rapidly saturated than 
the nonoxidative metabolism of glucose when the 
tissue uptake of this substrate is stimulated by 
hypcrinsulinemia and/or hyperglycemia. In the 
present study, the quantitation of the muscular 
tissue participation in this glucose cellular pro- 
cessing showed only a slightly higher forearm 
glucose oxidation in the G.100 study compared 
to that in G.50 study, but was not statistically 
■significant (Table H). These data revealed a satu- 
ration of the muscular pathway of glucose oxi- 
dation in response to the smaller dose of glucose 
(50 g), and suggest furthermore that the modu- 
lation of the whole body oxidative response to 
different oral glucose loads seems to be mainly 
due to the participation of the splanchnic tissues. 

The glucose disposal data for the 3 hours of 
study (Table II) also revealed that the nonoxidative 
metabolism of glucose represented the major 
metabolic fate of the glucose taken up by the 
muscle cells (82 % in G.50 and 87 % in G.100) 
while a minor portion (18% and 13%, respec- 
tively) was consumed by cellular oxidation. The 
absolute amounts of glucose metabolized through 
the nonoxidative pathways, predominantly stored 
as muscle glycogen, were also directly related to 
the size of the ingested glucose load. 

In conclusion, this study revealed a dose- 
dependent metabolic response in the muscular 
tissue of normal subjects to oral glucose loads of 
50 and 100 g, with respect to forearm muscle 
glucose uptake and nonoxidative glucose meta- 
bolism. The oxidative responses of the muscle 
tissue to the oral glucose challenges seem not to 
be directly proportional to the ingested meals. 
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ABSTRACT. The effects of various hexoses upon immunoreac- 
tive insulin (IRI) secretion, glucose disposal, and gastric inhibi- 
tory polypeptide (GIP) release have been compared in 10 normal 
nonobese men. Rapid iv infusion (0.5 g/kg in 3 min) of D- 
mannose resulted in significant IRI release, the peak levels 
approaching those after D-glucose infusion. D-Galactose, how- 
ever, was ineffective. The 60-min urine excretions of mannose, 
galactose, and glucose were 35 ± 1%, 16 ± 4%, and 5.5 ± 0.7% 
(mean ± sem) of the administered dose, respectively. 

All subjects also received 50 g oral glucose, mannose, galac- 
tose, and fructose on different days, each followed by an iv 
glucose infusion 30 min later. The ingestion of giucose or galac- 
tose resulted in a similar increment of GIP (P < 0.01), followed 
by a similar increment in the IRI response to iv glucose. Fur- 
thermore, the glucose disposal rate increased 2.5-fold compared 



to that after iv glucose alone (P < 0.001). However, oral mannose 
or oral fructose caused no significant GIP release, yet the IRI 
response to a subsequent iv glucose load was moderately aug- 
mented after oral mannose or oral fructose when compared to iv 
glucose alone. In addition, there was a similar enhancement of 
glucose disposal of the iv glucose load after both oral mannose 
and oral fructose (P < 0,01). 

From these studies we conclude that 1) galactose does not 
elicit IRI secretion per se, yet, like glucose, potentiates GIP and 
IRI secretion; 2) mannose, despite weak transport across gut or 
kidney, evokes significant betaeytotropic effects; and 3) man- 
nose- and fructose-induced enhancement of glucose disposal 
might be mediated by a factor(s) other than GIP, (J Clin 
Endocrinol Metab 49: 616, 1979) 



THE UTILIZATION of nonglucose hexoses and their 
metabolic effects, particulariy related to insulin se- 
cretion, has not been well studied in man. Several in 
vitro studies in experimental animals employing D-glu- 
cose epimers have shown that pancreatic islets oxidize 
D-mannose and generate ATP similar to glucose, whereas 
D-galactose is not metabolized (1-3). D-Fructose was 
found to be intermediate in these characteristics. A num- 
ber of other similarities in the metabolism of D-glucose 
and D-mannose have been reported, including their com- 
parable utilization by the brain to overcome hypoglyce- 
mia (4-7), by adipose tissue (8), and by the liver for 
glycogen synthesis (9). In contrast, mannose is poorly 
transported across the intestine and has a low or absent 
renal threshold (10). In several in vitro and in vivo 
experimental models, direct evidence for an insulin-re- 
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leasing effect of mannose has been described, whereai 
the nonmetabolizable epimer galactose has been shorn 
not to stimulate insulin secretion in most studies (11-16 
with some exceptions (16, 17). Another hexose, D-fruc 
tose, on the other hand, has been found to have no direc 
stimulating effect on insulin secretion but potentiate 
insulin release in response to D-glucose (13) or D-mannosi 
< 18 >- 

In man, effects of nonglucose hexoses on insulin secre 
tion have been inadequately studied with contrcversia 
results. Employing bioassay techniques for insulin assay 
Sheps et al. (19) were unable to measure sigiuncan 
insulin release in response to mannose. However, 
et al. (20) demonstrated changes of serum unniunorea 
tive insulin (IRI) comparable to those seen after 6"*^ 
in four out of five obese nondiabetic subjecte after 
nose infusion but not after galactose infusion. 1 be e 
iti nonobese control subjects were not examined- 

Much less is known about the effects of orally ^ 
istered nonglucose hexoses upon the qec . retl "L g este* 
factor(s). Recently, considerable evidence "^ffMptifc 
an msulinotropic role of gastric inhibitors 1 -^{lif 
(GIP) as a mediator of insulin secretion W^M 



616 



METABOLIC EFFECTS OF HEXOSES IN MAN 



617 



secretion of GIP in response to oral glucose seems well 
established (21, 22). In recent reports, galactose was 

■ shown to stimulate GIP release in normal subjects (24, 
25), but the effects in response to other hexoses were not 
studied. 

In this study, we have compared the effects of the iv 
infusion of various glucose epimers upon the dynamics of 
insulin and GIP secretion. In addition, the influences of 
the oral administration of glucose, mannose, galactose, 
and fructose on the secretion of GIP and glucose disposal 
in normal man has been evaluated. The preliminary 
' results of these studies have been reported earlier (26, 
27). 

Materials and Methods 

Ten healthy volunteers with no personal or family history of 
diabetes or disorders affecting carbohydrate metabolism were 
studied. All subjects were nonobese men, between 18-29 yr of 
age (mean ± sem, 23 + 1.2) and between 94-111% (101 ± 2.4) 
, of desirable body weight (Metropolitan Life Insurance Tables, 
i 1959), All studies were performed in the overnight postabsorp- 
live state in the Clinical Research Area of the Joslin Research 

■ Laboratory starting between 0800-0900 h after 3 days of an 
eucaloric diet containing no less than 250 g carbohydrate/day. 

Each subject underwent a 100-g oral glucose tolerance test 
to ensure normal glucose tolerance and evaluate insulin secre- 
tion. Subsequently, the following seven studies were performed 
in each subject with a minimum duration of 48 h and maximum 
duration of 6 weeks between two successive tests. 

Hexose infusion studies 

f Three studies were performed utilizing the rapid iv infusion 
rf D-glucose, D-mannose, and D-galactose. D-Glucose was ad- 
. ministered as a standard iv glucose tolerance test (IVGTT; 0.5 
,?/kg over 2-4 min), as described previously (28). The same 
! Procedure was used for mannose and galactose. These hexoses 
I *f e Phased from Sigma Chemical Co. (St. Louis, MO), and 
' ^ sterilization, the solutions were shown to be bacteria free 
\ pyrogen free by appropriate testing (Leberco Laboratories, 
•wselie Park, NJ). The glucose content of mannose and galac- 
: »w was <0.005% and <0.0015%, respectively, with a yield, 
i uf'" 6 ' of greater than 99.995% purity of the glucose epimers. 
] Plasmal mP ' eS W6re obtained for the determination of true 
' : (B<U- ' ose ' PG * concentrations [Beckman glucose analyzer 
: ^!™Pan Instruments, Palo Alto, CA) employing glucose oxi- 
ferrir ■ pIasma hex °se concentrations [according to (he 
'AiSoP, meth ° d of Hoffman ( 29 > as modified for the 
Mwlyzer], serum IRI [by a double antibody technique 
tt a i ? 1 v? e p' ni lrnm ™oreactive GIP [by the method of Kuzio 
169%' t between-assa -V variability for GIP in this assay 
! '^umin . additl0n > urine samples were collected before 
'iMeterm e infusion and 60 min after the infusion for 

Ziehen n^ 110 " ° f trUe glucose and true hexose content. The 
■?->m~C<-h* COnt9nt was determined by the quantitative urine 
| _ '»uq U6 described by Sumner (32). The plasma and 



urine hexose concentrations were determined by subtracting 
true glucose values from the total hexose levels. 

Oral hexose plus glucose infusion studies 

Four additional studies were performed on each subject on 
different days employing 50 g oral D-glucose, D-mannose, D- 
galactose, and D-fructose. For each test, the hexose was admin- 
istered in a volume of approximately 150 ml and blood samples 
for true PG, total plasma hexose, IRI, and GIP were obtained 
at 0, 5, 10, 20, and 30 min. Immediately after the 30 min sample, 
an iv glucose (IV-G) infusion was administered as described for 
the IVGTT above, and samples were then obtained for the 
subsequent 60 nun as previously described (28). The 30 min 
value for each parameter after the oral hexose load was taken 
as the baseline value for the IV-G infusion in each of these 
., studies. 

Calculations and statistical analyses 

The PG, plasma mannose (PM), and plasma galactose (PGal) 
disappearance rates (K) for the hexose infusion studies were 
calculated by the method of Amatuzio et al, (33, 34), i.e. after 
subtracting- the fasting hexose level (0 in the cases of mannose 
and galactose) from the total concentration achieved at each 
time interval. The same method of calculating plasma decre- 
mental glucose disappearance rate was used for all EV-G infu- 
sion studies after each oral hexose administration. This method 
of calculating disappearance rates was considered more appro- 
priate since the K rates are different by this method (33, 34) 
which employs glucose excess above baseline rather than by 
the standard method (28) which employs actual glucose con- 
centrations. Since the baseline levels of mannose and galactose 
in man are undetectable, the calculation of the glucose disap- 
pearance rate by this method should be the most valid com- 
parison of disappearance rates of glucose after administration 
of other nonglucose hexoses. 

The aggregate responses of IRI secretion after IV-G alone 
and for IV-G after oral hexoses were obtained by calculating 
the early (0-10 min) and total (0-60 min) IRI areas above the 
baseline. The linear- regression equations of serum IRI upon PG 
were computed for each IVGTT and the slope of the regression 
line during each test was determined (35). Pooled regression 
coefficients (microunits per ml IRI per mg/dl PG) for the 
IVGTT after each oral hexose were compared with that ob- 
tained after IVGTT alone. All statistical analyses were carried 
out by the paired t test, All results are expressed as the mean 

± SEM. 

Results 

Plasma hexose and IRI responses after iv glucose (IV- 
G), mannose (IV-M), and galactose (IV -Gal; Figs. 1 and 
2) 

Figure 1 presents the PG, PM, and PGal responses 
after various hexoses. After IV-G administration, PG rose 
from the fasting level of 82 ± 1.3 mg/dl, and then declined 
with a rate of decremental disappearance of 4.22 ± 0.85%/ 
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Fig. 1. PG, PM, PGal, and serum IRI concentrations after rapid iv 
hexosc infusion {0.5 g/kg). K G , Km, and K™ represent decrement 
disappearance rates of glucose, marmose, and galactose, respectiveh- 
See text for details. 

min. Commensurate with the PG levels, *IRI rose from 
baseline level of 8.0 ± 0.9 to 87 ± 5.6 /iU/ml at 1 min 
(Fig. 2), a typical response for normal individuals (36), 
and declined towards baseline by 60 min. After IV-M, PG 
levels did not rise and, in fact, gradually declined to a 
mean level (57 ± 3.0 mg/dl) at 60 min that was 28%' 
below (P < 0.01) the baseline, a response seen in earlier 
studies after IV-M (10). The PM levels, however, rose as 
expected and then declined, with a disappearance rate of 
2.11 ± 0.19%/min. The IRI rose from a basal level of 9 0 
± 1.9 to a peak level of 60 ± 10.8 M U/ml 1 min after IV- 
M, similar to the response after IV-G but significantly 



lower at each time period (Fig. 2). After IV-Gal 
to a level of 94 ± 3.9 mg/dl at 20 min that was h 
the basal (P < 0.01), with a return toward basel 
min. The galactose disappearance rate was 5.6 
min. In striking contrast to glucose and mannost 
levels after IV-Gal rose very sluggishly to a peai 
only 14.4 ± 1.3 /iU/ml at 5 min after galactose 
basal level of 7.4 ± 1.0 /tU/ml. 

The peak IRI levels achieved after IV-G ai 
were 6-fold and 4-fold greater, respectively, wfc 
pared to those achieved after IV-Gal (Fig. 2). 

Urine loss of hexoses (Table 1) 

After IV-G administration, only 5.5% (+0.72^ 
glucose dose appeared in the urine in 60 min. In c 
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more than one third of the administered dose of mannose 
(35.0 ± 7.3%) was recovered in the urine {P < .0.01 vs. 
glucose). The amount of galactose lost (15.7 ± 4.5%) was 
greater than that of glucose (P < 0.05) but less than that 
of mannose (P < 0.05). 

Dynamics of plasma hexoses, IRI, and glucose utiliza- 
tion after oral hexoses 

The peak plasma hexose levels occurred at 30 min and 
were as follows: after oral mannose, 6.5 ± 1.0; galactose, 
29.0 ± 6.1; and fructose, 8.7 ± 1.8 mg/dl. No significant 
levels of mannose were detectable in plasma. 

Figure 3 presents the PG and IRI concentrations dur- 
ing those studies in which various oral hexoses were 
administered, followed 30 min later by IV-G. After oral 
glucose, PG rose quickly, with peak levels at 30 min. 
After oral galactose or fructose, there was a modest out 
significant rise of PG, the mean increments from basal at 
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Fig. 1. Early (0-10 roiri) and total (0-60 min) insulin response to IV-G 
(0.5 g/kg) after oral glucose (G), mannose (M), galactose (Gal), or 
fructose (F). See text for details. 

30 mih being 10 ± 1.5 and 8.0 ± 2.2 mg/dl, respectively. 
However, after oral mannose, no detectable rise in PG 
occurred. 

The responses of PG levels to IV-G infusion 30 min 
after each oral hexose administration are shown in Fig. 
3 compared with PG levels after IV-G alone. The concen- 
trations of PG were maximum at 30 min after oral glu- 
cose; the PG levels rose much higher in this group and 
least in the oral mannose study. The decremental rates 
of disappearance of glucose were compared with IV-G 
alone, where no oral hexose preceded the infusion. The 
■mean rates for IV-G after oral glucose and oral galactose 
were comparable (10.1 ± 1.2% and 10.7 ± 1.3%/min, 
respectively) and more than 2.5-fold greater than that 
after IV-G alone (4.2 ± 0.85; P < 0.003 in each case). The 
mean rate for IV-G after oral mannose was also signifi- 
cantly greater (7.2 ± 1.3, P < 0.01) compared to that after 
IV-G alone. Similarly, the rate for IV-G after oral fructose 
was also greater (6.8 ± 0.96; P < 0.01) compared with IV- 
G alone and was nearly identical to that for the oral 
mannose study (p = NS). 

Figure 3 also presents the IRI responses at each time 
interval for the oral hexose studies. After oral glucose, 
galactose, and fructose, there were significant increments 
of IRI levels, the peak levels at 30 min being approxi- 
mately 7.5-, 4-, and 2.5-fold greater, respectively, than 
the basal levels. After oral mannose, there was no signif- 
icant increment of IRI levels up to the 30-min interval. 
The IRI responses to IV-G administration 30 min after 
each of the four oral hexose studies were analyzed as the 
increments above the basal (30 min) levels, as shown in 
Fig. 4. The 0-10 min, 0-60 min, and 0-10 to 0-60 min IRI 
area ratios were arbitrarily selected to evaluate early 
insulin response, total insulin response, and proportion 
of total insulin response appearing rapidly after the per- 
turbation. These are shown in comparison to the same 
indices obtained from, IRI levels after IV-G alone. The 0- 
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10 min IRI areas for IV-G after oral glucose (P < 0.03) 
and oral galactose (P < 0.05) were significantly greater 
than that for IV-G alone. The modest increases in the 
cases of oral mannose and fructose were not significantly 
greater than that of IV-G alone. In contrast, the 0-60 min 
IRI areas were significantly greater for IV-G after oral 
glucose and mannose than for IV-G alone but did not 
achieve statistical significance for IV-G after oral galac- 
tose or fructose. The augmentation of early IRI response 
by oral galactose was reflected by an increased 0-10 to 
0-60 min IRI area ratio for IV-G after oral galactose (P 
<0.01). 

To compare further the aggregate IRI secretory re- 
sponses during IV-G after oral hexoses, pooled regression 
coefficients (b) for each type of test, generated from the 
individual regression equations of serum IRI upon PG 
for each test, were examined and compared. The regres- 
sion coefficients for each IV-G study after each oral 
hexose administration are shown in Table 2. The mean 
regression coefficient for IV-G after oral galactose (0.570 
+ 0.076) was the greatest when compared to that for IV- 
G alone (P < 0.001), followed by oral glucose (P< 0.05), 
oral mannose (P < 0.05), and oral fructose. However! 
there was no significant difference between the mean b 
value for the oral glucose study compared to the oral 
galactose study, The mean b value for the oral fructose 
study was not significantly greater than that for IV-G 
alone, clearly due to greater variability in IRI responses 
for IV-G after oral fructose (Table 2). 

Immunoreactive GIP levels after oral hexoses 

Figure 5 presents the mean changes of the serum GIP 
concentrations in each of the four oral hexose studies 
expressed as the percent change from fasting levels. Oral 
glucose and galactose resulted in significant and similar 
increments in the serum GIP percent change within 30 
mm, whereas no significant changes in GIP occurred 
after oral mannose or fructose. The actual mean concen- 
trations of GIP in the fasting state and the peak levels 
achieved after the various oral hexoses were as follows 
After oral glucose, the levels of GIP increased from 161 
± 31 to 387 ± 67 pg/ml (P = 0.005). Similarly, oral 

Table 2. Pooled regression coefficients <b) for serum IRI upon PG for 
IV-G after each oral hexose 
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Fig. 5. GIP concentrations (percent change from fasting levt 
50 g oral glucose (G), mannose (M>, galactose (Gal), or fructoss 

galactose resulted in a significant rise from 191 ± 
420 ± 51 pg/ml (P < 0.02). However, the mean inc 
in GIP after oral mannose (from 221 : ± 67 to 237 
and oral fructose (from 152 ± 25 to 168 ± 24) we: 
significant. The GIP response to the oral hexose 
pressed as the GIP area above the baseline, di 
correlate significantly with the IRI areas after tht 
sequent IVGTT or with the respective glucose decn 
tal disappearance rates. 



Discussion 

Our studies of the effect of iv infusions of va 
glucose epimers clearly indicate that D-mannose 
evoke a significant insulin secretory response of tb 
man pancreas. On the basis of these experimen 
normal men and similar results in an earlier stud 
obese individuals (20), it appears that the islet sub's 
utilization characteristics for glucose and mannose ! 
correlate with their capacity to stimulate insulin rei 
The nonmetabolizable epimer, galactose, however, 
not provoke an appreciable insulin secretion, a findii 
agreement with most of the animal experimental sty 
in vivo and in vitro (11-15). The sluggish and deli 
IRI rise seen after IV-Gal was most likely secondar 
its conversion to glucose in liver and kidney, as ohse) 
in other studies (37). In regard to mannose, *im 
interest that there was a significant hypoglycemic^^ 
with a mean PG decline of 28% below the basalt 
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during the 60 rain after its infusion, most likely due to 
competition of mannose-6-phosphate with glucose-6- 
phosphate for glucose-6-phosphatase (10). In addition, a 
further inhibitory effect upon hepatic glucose output as 
a result of the augmented insulin release might contribute 
to the hypoglycemic effect of mannose infusion. None of 
the subjects studied, however, had clinical symptoms of 
hypoglycemia. This was not surprising since mannose 
has been shown to be an excellent substrate for brain 
tissue (4-7). After oral mannose, none was detected in 
the plasma and as much as 35% of the iv administered 
dose was recovered in the urine 1 h after infusion, findings 
consistent with earlier observations that the transport of 
mannose across gut and kidney occurs by passive diffu- 
sion rather than active transport (10). It would appear, 
therefore, that spatial configuration of the carbon-2ris 
specific for transport by gut and kidney but is not specific 
for hexose metabolism, islet substrate utilization, or in- 
sulin release. 

The experiments designed to study the effects of var- 
ious oral hexoses on the utilization of a subsequent iv 
glucose load yielded several interesting features. Consid- 
erable evidence now indicates that GIP might be an 
important mediator of the entero-insular axis in man, 
and a striking release of GIP in response to oral glucose 
has now been convincingly demonstrated in several stud- 
ies (21, 22, 25, 38). Therefore, the GIP release in response 
to various hexose loads and the relationship to the sub- 
sequent rate of glucose disposal after an iv glucose load 
were examined. The results indicated considerable dis- 
cordance between GIP release and subsequent glucose 
J disposal. Both oral glucose and oral galactose resulted in 
equivalent increases in GIP release (Fig. 5) and enhance- 
ments of the subsequent IV-G disposal rate. The IRI 
release for IV-G was also potentiated by prior ingestion 
of oral glucose or galactose, as indicated by the acute IRI 
response (Fig. 4) and the slopes of the regression lines for 
u P°n PG (Table 2). On the other hand, neither oral 
jnannose nor fructose resulted in a significant GIP re- 
j-ase, yet both resulted in a significant augmentation of 
IV-G disposal rate (P < 0.01). Furthermore, the IRI 
e ease for IV-G after oral mannose was greater than that 
° r IV-G alone, as seen by the total IRI area and the 
2) 6 ^ sl °P e ° f the regression line of IRI upon PG (Table 
j^he mean IRI responses for IV-G after oral fructose 

nof St identical t0 those after oral mannose but did 
L- ** ttain statistical significance because of somewhat 
Gr VariabiIit y < Fi g- 4 an d Table 2). There was no 
|STuncant correlation between the IRI release or the 
L , dis P° s aI rate and the GIP response for any of 
i^oral hexose studies, although this could be due to the 
number of subjects studied. 
^ e se observations indicate that oral ingestion of cer- 
strates, sucn as mannose and fructose, might 



elicit release of a as yet unidentified gut factor(s) (39) 
which might enhance IRI release or potentiate the tissue 
sensitivity to endogenous IRI. In this regard, it is of 
interest that preliminary data indicate significant extra- 
pancreatic effects of GIP on adipose tissue (40) which 
could mediate enhanced insulin sensitivity. 
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X he Oral Glucose Tolerance Test (OGTT): 
Effect of Rate of Ingestion of Carbohydrate and 
Different Carbohydrate Preparations 

ROBERT J. HEINE, M.D., iAN HANN1NG, B.Sc, LINDA MORGAN, Ph.D., AND K. GEORGE M. M. ALBERT!, D.Phil. ~" 

The glucose load of the oral glucose tolerance test (OGTT) is well standardized. However, recom- 
mendations on rate of ingestion and nature of the load are vague. In this study the effect on blood 
glucose, serum insulin, C-peptide, and plasma gastric inhibitory polypeptide (GIP) of giving 75 g glucose 
in 300 ml over I and 10 min (Gl and G10) was investigated in six subjects. In five an isocaloric 
amount of partially hydrolyzed starch (Hycal) was also used (HI and H10). The fast glucose intake, 
compared with the slow ingestion, resulted in an earlier rise in blood glucose levels, accompanied by 
a faster serum insulin and C-peptide response. Between 90 and 135 min blood glucose concentrations 
were significantly higher after the 10-min glucose intake. At 120 min blood glucose levels were 5.5 ± 0.5 
and 4.7 ± 0.5 mmol/L, respectively, for G10 and Gl {P < 0.05). In the first half hour after slow and 
fast Hycal intake no differences were seen in blood glucose, serum insulin, and C-peptide levels. Between 
45 and 120 min blood glucose levels were significantly higher after the 10-min Hycal intake. At 120 
min blood glucose levels were 5.3 ± 0.2and4.4 ± 0.1 mmol/L, respectively, forHlOandHl (P < 0.01). 
Except for a faster rise in glucose and insulin levels after glucose loading in 1 min, no further differences 
were found, when compared with Hycal. No significant differences were seen in the GIP responses. 
Thus differences in rates of ingestion can cause significant differences in later results. A standard time 
for glucose ingestion should be specified, diabetes care & 441-445. seitember-OCTober 1933. 



Considerable effort has been expended on stand- 
ardizing the glucose load of the oral glucose tol- 
erance test (OGTT) and the diagnostic criteria 
for its interpretation. 1 " 5 However, recommen- 
dations on rate of ingestion and nature of the load have been 
variable or vague. The World Health Organization advises 
a glucose load of 75 g in 250-350 ml water, which should 
be consumed in 5-15 min 5 whereas the Australian Associ- 
ation of Clinical Biochemists suggests the same glucose load 
but ingested within 5 min. 6 The latter, in practice, often 
results in ingestion in 1-2 min. 

To our knowledge the effect of different glucose ingestion 
rates on glucose and insulin levels during an OGTT has not 
been investigated. There is thus littie evidence to support 
these recommendations. Other carbohydrates such as par- 
tial ly hydrolyzed starch or maltose have been accepted instead 
of glucose as the carbohydrate load for the OGTT. 4 - ,, '- s The 
advantage of maltose and hydrolyzed starch over glucose is 
the less frequency of side effects such as nausea and vomiting. 7 
The aim of our study was to compare two different inges- 



tion rates, one the fastest reasonable rate and the other at 
the midpoint of tiie WHO suggested range, of both a glucose 
and a partially hydrolyzed starch load on blood glucose, serum 
insulin, C-peptidc, as well as on plasma gastric inhibitory 
polypeptide (GIP) levels, in the OGTT. 



materials and methods 

Subjects. Six normal volunteers were recruited, three men 
and three women 21-30 yr old. Ideal body weight ranged 
from 91% to 118% (Metropolitan. Life Insurance Tables, 
1959). None were taking any medication or known to be 
suffering from any disease. All volunteers maintained their 
usual diet before the investigations. The studies were per- 
formed at 8:30 a.m. after an overnight fast. 

Protocol. Subjects participated in a random order in the 
study comparing fast (in 1 min, GS) and slow (in 10 min, 
GlO) intake of 75 g of glucose, dissolved in tap water to a 
volume of 300 mf. In five of these volunteers the study was 
repeated using an isocaloric amount of Hycal (Beecham Prod- 
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TABLE I 

Hycal: carbohydrate constituents 



0-15 min 



0-30 min 



mmol|!mm 



% (wt/wi) 


Anhydrous D glucose 


19.1 


Disaccharides 


11.2 


Trisacchatides 


11.8 


Terra saccharides 


9.9 


Pentasaccharides 


8.1 


Hcxa- and higher saccharides 


36.3 



SO 



20 - 



'0 



ucts, Brentford, United Kingdom} (partially hydrolyzcd starch; 
Table 1), dissolved to a volume of 300 ml, again ingested in 
1 min (HI) and 10 min (H10). 

Free flowing venous blood samples were taken from an 
antecubkal vein before and for 240 min after ingestion of 
the carbohydrate load. Sampling was every 5 min during the 
first half hour and quarter-hourly afterward. Tests were per- 
formed at least 1 wk apart. Nausea was not felt by any subject. 



mmol f 



glucose area 

L JL 
I 




nmo! I 



C- peptide 




FIG. I. Blood glucose, serttm insulin, and C-pcptidc respome to 75'g 

glucose loading in I and 10 min. Gl: —-; GiO: ; x; P < 0.05; 

xx: P < 0.02; xxx: P < 0.0J. 



ml) f.min 



insulinarea 
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!0 
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FIG. 2. Area wider blood glitcose, serum insulin, and C-peptitk curves 
from 0 to 15 and 0 to 30 min after glucose and Hycal loading in I and 
10 min: Gl, GW, HI, and HW. x: P < 0.05; xx: P < 0.02; xxx: 
P<0.01. 

Gittcose and hormone estimations. Blood for glucose assay 
was immediately deproteinized in 5 ml ice-cold 5% (vol/vol) 
perchloric acid and estimated by a standard fluorimetric 
method. 9 Serum insulin was measured by double-antibody 
radioimmunoassay. 10 Scrum C-pepdde was measured by ra- 
dioimmunoassay with ethanol precipitation. 11 Plasma G1P 
levels were measured by radioimmunoassay. 12 

Srarisd'cn! analysis. Results are expressed as mean and SEM. 
The two-tailed Student paired t-test was used to assess sta- 
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FIG. 3. Plasma GIP responses to glucose and llycal loading in I and 
10 mm. CI: ' • i GiO: — ; HI: ; HIO; ■ ■ ■. 



tistical significance of differences, Areas under the glucose 
and insulin curves were calculated with the formula: 



Area = 



2 (X„ +! - X n ) (Y„ + Y„ +1 ) 



where X n «■ sampling time in minutes at time point n and 
Y„ = concentration of measured substance at time point n. 

RESULTS 

Comparison between 75 gghtcose ingestion in I and Wmin. The 
fast glucose intake resulted in an earlier rise in biooci glucose 
levels (Figure 1). The area under the glucose curve between 
0 and 15 mill was significantly greater with Gl than GIO 
(6.1 ± 1.4 versus 2.6 ± 0.6mmo!/L • min, P < 0.05) (Figure 
2). 

This was accompanied by faster serum insulin and C-pep- 
tidc response in the Gl study (Figures 1 and 2). The areas 
under the insulin and C-peptide curves between both 0 and 
15 min and Oand 30 min were significantly greater after 01 . 
The insulin areas were 173 ± 39 and 71 ± 25 mU/L • min 
(P < 0.05) and 653 ± 99 and 469 + 78 mU/L - min 
(P < 0.05) at 0-15 and 0-30 min, respectively, while the 
corresponding values for C-peptide were 3.8 ± 0.9 versus 

I. 2 ± 0.3 nmol/L • min (P < 0.02) and 16.2 ± 2.5 versus 

II. 1 ± 1.5 nmol/L • min (P < 0.05). 

Plasma GIP levels were not significantly different with 
either rate of ingestion (Figure 3). 

Between 90 and 135 min blood glucose concentrations 
were significantly higher after GIO (Figure I). At 120 min 
the glucose levels were 5.5 ± 0.5 and 4.7 ± 0.5 mmol/L, 
respectively, fot GIO and Gl (P < 0.05). 

The areas under the glucose curves between 0 and 120 
min and between 0 and 240 min were not significantly dif- 



ferent for Gl and GIO. The insulin response, howSvcr, was 
significantly greater after G10, calculated over 240 min: 
4211 ± 771 versus 3654 ± 655 mU/L • min (P < 0.02). 

Total C-peptide response (0-240) also tended to be greater 
after G10, but the difference did not achieve statistical sig- 
nificance (Figure 4). Plasma GIP responses were similar on 
both occasions. 

Comparison betueen ingestion of 120 ml Hyca\ in I and 10 
min. In the first 30 min no differences were seen in blood 
glucose, serum insulin, C-peptide, or plasma GIP responses. 



0-120 min 



O-240 min 
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glucose area 
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FIG. 4- Area under blood glucose, serum insulin, mid C-peptide curves 
from 0 to 120 and 0 to 240 min after glucose and Hycal loading in 1 
and 10 min: Gl, GIO, HI, and H10. x: P < 0.05; xx: P < 0.02; 
xxx: P < 0.01. 
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FIG. 5. Blood glucose, serum insulin, and C-pe[>tidc response to 120 

ml Hyml in I and 10 min. Hi: HIO: . x: P < 0.05; xx: 

P < 0.02; xxx: P <0.0l. 

Between 45 and 120 min the glucose levels were signifi- 
cantly higher at four time points after slow Hycal intake 
(Figure 5). At 120 min the blood glucose levels were 5.3 ± 0.2 
and 4-4 — O.I mmol/L, respectively, for H10 and HI 
(P<0.01). 

The area under the glucose curve from 0 to 120 min was 
significantly smaller after HI: 65.4 ± 23.8 versus 171.3 ± 51.6 
mmol/L ■ min for HI and H10 (P < 0.05) (Figure 4). 

The insulin, C-peptide, and GIF responses were not sig- 
nificantly different, either from 0 to 120 min or from 0 to 
240 min (Figures 3 and 4). 

Comparison between glucose and Hycal. The area under the 
glucose curve between 0 and 15 min was significantly greater 
forGl compared with HI (6.1 ± 1.7 and 2.4 ± 1.6 mmol/ 
L ■ min, P < 0.02). No significant differences were found 
between G 10 and H10 (Figure 2). The area under the insulin 
curve between 0 and 15 min was significantly greater for Gl 
compared with HI (168 ± 47 and 118 ± 45 mU/L - min, 
respectively, P < 0.05), The areas under the C-peptide curves 
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both from 0 to 15 and 0 to 30 min were significantly greater 
forGl compated with HI (P < 0.01 for both). The insulin, 
C-peptide, and G1P responses over 120 and 240 min were 
not significantly differenr for glucose and Hycal loading. 



DISCUSSION 

The results of this study indicate that the rate of 
intake of the carbohydrate load and to a lesser 
degree the nature of the load influence the results 
of the OG'IT. The earliet glucose response after 
fast glucose intake might be explained by the time needed 
for digestion of poly- and disnccharides in the intestinal lu- 
men and cellular brush border, in contrast to the direct glu- 
cose absorption by a special carrier mechanism. Except 
for the faster rise in glucose and insulin levels after glucose 
loading in I min, no further differences were found when 
compared with Hycal. GIP responses w^ere similar. G1P has 
been recognized as an important insulinotropic hormone. 15 
Flowever, it seems only to act as such when there is slight 
hyperglycemia. 14 

The fast insulin response after the 1-min glucose intake 
seems to be unrelated to GIF but dependent entitely on the 
rate of glucose rise. 

The 2-h glucose value, crucial now as a diagnostic criter- 
ion, was strongly influenced by the rate .of intake of the 
carbohydrate load. The lower 2-h glucose value after the fast 
glucose intake might partially be explained by the earlier 
insulin response; however, no differences in insulin response 
were seen when slow and fast Hycal intake were compared. 
The area under the glucose curve from 0 to 120 min was 
significantly greater after the 10-min Hycal intake. With a 
similar insulin response it may be assumed that the amount 
of glucose absorption was greater after slow Hycal ingestion, 
This suggests that the fast intake of an hyperosmolar fluid, 
mainly consisting of polysaccharides, impairs glucose absorp- 
tion, possibly by increasing the rate of intestinal transit." 
The areas under the glucose curves after glucose intake were 
not significantly different, perhaps because of the faster ab- 
sorption of glucose. 

The 2-h glucose value is thus influenced by the rate of 
intake of the carbohydrate load, possibly by the early insulin 
response, as seen with fast glucose loading and/or by the 
influence on glucose absorption with fast Hycal ingestion. 

Thus we have shown that the results of the OG'IT can 
be influenced by the rate of ingestion of the carbohydrate 
load. Wc chose to compare the fastest practical rate of inges- 
rion, 1 min, with the midpoint of the WHO suggested range, 
10 min. It is possible that if 5 min had been compared with 
15 min smaller differences would have been found. The effect 
of different rates of ingestion in diabetic subjects was also 
not studied. However, it seems reasonable to conclude that 
a standard time for the rate of ingestion of the carbohydrate 
load should be specified and used uniformly, both for diag- 
nostic purposes and in epidemiologic surveys. 

From the Department of Clinical Biochemistry and Metabolic 
Medicine, Royal Victoria Infirmary, Newcastle-upon-Tyne, NE1 
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Sucrose Ingestion, Insulin Response and Mineral 
Metabolism in Humans 1 * 2 
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ABSTRACT The effects of sucrose Ingestion on the excretion of urinary catefcim. zinc, phosphorus, sodium and potassium 
have been investigated and compared among 13 individuals to the magnitude of their postprandial serum insulin response. 
Fasted subjects consumed a beverage containing 2 g sucrose/Kg. and urine and blood samples were taken at intervals during 
the next 3 ft. As a result of sucrose consumption there were significant increases in serum insuSn and decreases In serum 
phosphorus, but no change lo serum total or filterable cakium, zinc sodium or potassium. Urine cakfetm peaked at 13 h and 
was significant^ increased horn 10 through 2.5 h. Sucrose-Induced increases In serum insuto ami urine caidum were highly 
variable among subjects, and within the group were signSkantly correlated (r * 0.82, P < 0.01). Urine caidum excretion was 
correlated with serum phosphorus (r ~ 0.41, P < 0.05) and urine stinc (r m 0,80, P < 0.01). Sucrose consumption also 
Increased the urinary excretion of sine and sodium, although renal reabsorption was not impaired. The effects of sucrose on 
urinary cakium are consistent with the hypothesis that irwuBn inhibits renal calcium reabsorption. <A tlutr. 1 17s 1229- 1233, 
1987. 
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The consumption of protein induces a calciuretic re>. 
spouse within 30 asin and is associated with a decrease 
in renal calcium teabsorption {!}. We have proposed 
that the hmibition of calcium reabsorption is mediated 
by the insulin response to protein consumption. to hu- 
man subjects, the magnitude of the calciuretic response 
to protein is proportional to the postprandial increase 
in serum tosulin, with approximately 30% of subjects 
showing little or no response in either parameter (2), 
Infusion of rats with the insulin secretogogues glucose 
or arginine produces an increase in urine calcium that 
is significantly correlated with serum insulin levels. 
Mannoheptulose, which supresses insulin secretion, 
blunts the calciuretic response to glucose and arginine 
(3). 

These data support the hypothesis that insulin is in- 
volved in the hypercalciuretic response to protein eon- 
sumption. If insulin mediates this process, then car- 
bohydrates that stimulate insulin secretion should also 
induce hypercalciuria. The ingestion of galactose {4}, 
glucose {5}, fructose {6\, sucrose (?) and wheat starch (8) 
has been demonstrated to produce a calciuretic re- 
sponse, whereas the poorly metabolized carbohydrate 
xylose, and fat, do not {6}. These responses are con* 
sistent with the effect of each of the dietary constita- 

ffll%-$mt&? $36.00 © 198? American Institute of Nutrition. Received 8 September 1986. Accepted 24 February 1987. 



ents on insulin secretion. Also, mstilin infusion in en- 
giyceraic humans increases urinary calciuin excretion 
{91 

The present study was undertaken to determine if 
there is a range in the calciuretic response to sucrose 
ingestion among individuals, and whether the magni- 
tude of this response is associated with postprandial 
serum insulin levels and renal calcium reabsorption. 
Because insulin infusion and carbohydrate loading have 
been associated with decreases in the excretion of urine 
sodium {9, 10) and potassium (6, 9} and both increases 
{6} and decreases {9, 10} in urine phosphate, changes in 
the excretion of these electrolytes were also investi- 
gated. 

High protein meals {!), Mstidine ill, 12), cysteine 
and ethanol {13} increase urinary zinc excretion. Dia- 
betic humans {14, IS? and streptozotocin diabetic rats 
{16} exhibit hypersincuria, whereas insulin treatment 
of diabetic rats {16) and insulin infusion in dogs {17} 
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inhibit zinc excretion,. Blood zinc levels have been re- 
ported to decrease after meals (18) and alter ingestion 
of a glucose load {19), In the present study urine and 
serum zinc levels were analyzed to investigate the re- 
lationship among sucrose ingestion, insulin secretion 
and zinc excretion. 



METHODS 

Thirteen adults ranging in age from 19 to 35 yr par- 
ticipated in this study. The average weight of the nine 
females was 57 kg, whereas that of the four males was 
80 kg. Informed consent was obtained from each sub- 
ject and the experiments were approved by the Human 
Investigation Committee of the University of Con- 
necticut. 

Each subject consumed a standard evening meal and 
fasted from 2030 h the night before the test. On awak- 
ening the next morning, subjects voided, recorded the 
time, drank 2S0 mL distilled water and reported to the 
laboratory. Baseline blood and urine samples were col- 
lected 15 min before the test meal was ingested. At 
t-Q (0900 h) subjects were given a sucrose load of 2 g 
sucrose/kg body weight. This drink was prepared by 
mixing the appropriate amount of sugar with 250 mL 
of distilled water and 1.5 g lemon flavoring. Subjects 
consumed the beverage over a S-rain period. 

Blood samples were drawn at 0.5, 1.0, 2.0 and 3.0 h 
after sucrose coi^iimptiori, Urine samples were col- 
lected at 0,5*h mtervafe for 3,0 h postpraa&aBy, A steady 
diuresis was maintained by providing subjects with 200 
mL distilled water every 0.5 h. Serum and urine sam- 
ples were stored frozen in acid-washed containers be- 
fore analysis. 

Serum and urine samples were analyzed for calcium, 
sodium, potassium and zinc by atomic absorption spec- 
trophotometry iPerkm-FJmer Model 23S0, Norwalk, CTj. 
Filterable calcium was determined by atomic absorp- 
tion after filtering the serum samples (Ultrafree Cal- 
cium Filters, WortMngton Diagnostics, Freehold, NJ}. 
Serum insulin was determined by a double antibody 
radioimmunoassay (Pharmacia Diagnostics, Piscata- 
way, NJ). Creatinine and phosphorus in serum and urine 
were measured by an autoanalyzer (Technicon Instru- 
ments, Tarrytown, NY). Glometular nitration rate {GFR} 
was approximated by creatinine clearance. Calcium 
reabsorption was calculated as the difference between 
urine calcium and filtered calcium, where filtered eal>- 
cium equals the product of GFR and serum filterable 
calcium. The reabsorption of phosphorus, sodium and 
potassium was estimated as the product of serum con- 
centration and GFR minus urinary excretion. Zinc 
reabsorption was not calculated because only approx- 
imately 1% of total serum zinc is ultrafilterable, and 
the filterable fraction was not measured here. 

Analysis of variance (ANOVA) with a random block 
design was used to detect changes in the parameters 



measured. When ANOYA indicated significant changes 
{P < 0.05), significant differences between means were 
determined by Schef fe's contrasts (20). Regression anal* 
ysis was performed on selected pairs of variables (20L 



RESULTS 

Table 1 provides a summary of the changes in GFR, 
serum insulin and minerals in serum and urine as a 
result of consuming the sucrose load, GFR was not 
increased at any time point. Urinary calcium excretion 
rose on average from 58 ng/ram at baseline to a peak 
of 179 j*g/mhi at 1,5 h. The rise in urine calcium ex- 
cretion was also significant at t = 1.0 through 2.5 h. 
As expected, calcium excretion varied greatly among 
subjects. For example, individual peak excretion rates 
ranged from 119 to 377 pg/min. The percentage of fil- 
tered calcium reabsorbed by the kidneys decreased from 
a high of 99.1% at the baseline to a low of 97.3% at t 
- t.S h jP < 0.001) and as expected followed a similar 
but inverse pattern compared to urine calcium. The 
percentage of calcium reabsorbed was sigmficantly de- 
creased from baseline values at t * 1,0 through 2-5 h. 

Serum insulin and serum phosphorus exhibited sig- 
nificant changes after sucrose consumption wMle serum 
total and filterable calcium, zinc, sodium and potas- 
sium did not. Insulin increased from an average base- 
line value of 11,4 to 66,5 jiU/mL at t » 0*5 h, a rise 
that preceded the increase in calcium excretion by ap- 
pmsdttiuttely 0.5 h. Insulin levels peaked at 0 5 h for 
approximately half of the subjects, and as was the case 
for urine calcium, peak values varied greatly among 
mdividuals. For example, at t « 0,5 h, insulin concen- 
tration ranged from a low of 26,2 u,u/mL to a high of 
122.8 puu/mt among different subjects. 

Serum phosphorus fell sigruncantly by t m 1.0 and 
was lowest on average at t - 2.0 h. This decrease fol- 
lowed the peak in calcium excretion by 0,5 h. Urinary 
phosphorus was not sigrrificantly different from base- 
line at any time point, but peaked at i - 1.0 and then 
fell so that the rate of excretion was significantly lower 
between t = 2.0 and £ *= 3.0 h than it was at f ■<= 1.0 
h. The renal reabsorption of phosphorus followed a sim- 
ilar but inverse pattern. 

Urine zinc excretion was significantly increased from 
baseline levels at £ ~ TO, 1.5 and 3.0 h. The change 
from 300 ng/mia at t ~ 0 to 863 ag/min at t = 3.0 
mpiesents an increase of 190%. 

Urine sodium was increased from baseline levels at 
t = 3.0, but neither serum sodium nor sodium reab- 
sorption was altered postprandially. Among individ- 
uals, postprandial increases above baseline in urine so- 
dium and calcium were correlated |r « 0.57, P<0.05|. 
There was no effect of sucrose on urine potassium ex- 
cretion or the percent of potassium reabsorbed. 

To determine if postprandial urine calcium and serum 
insulin responses are associated, these two parameters 
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Measure 




Ob 0.5 is 1.01 


s 1.5 b 2.0 b 2.S h 


3.0 h 



GFR, asL/aaii 

Cafctaa 
Filterable, mg/dL 
Urine, i*gAKMi 
Reafesorption, % 

Phosphorus 
Sewttn, m$fdL 
Vriac, s»«/jaia 
Reabso^ttsm, % 

Serum, jj^'dE, 
Urine, «g/aiin 

Sodiuifs 
Semm, mg/dL 
Urine, jig/rata 
Reab&atptioo, % 

Potassium 
Scrum, mg/cfL. 
Urtee, f*#mxa 
Reab&Otplitm, % 



84.3 ft 37,1 

11.4 ft 3.9 

6.5 ± 0.2 

58.0 * 35.0 

99.1 & 0,5 

4.1 ft 0.4 
305.0 ± 281.0 
91,4 ft 6.2 



90.3 * 28.6 
66.5 ± 307 

6.6 ft 0J 
83,0 ± 41,0 
98.5 ♦ 0.? 

3.6 ft 0,3 
305.0 ± 203.0 
903 * 5.5 



102.8 ± 35.6 
ft 47.5* 

6.6 ft 0.4 
150.0 ft 84.0* 
97,9 ft 07» 



987 * 237 



179.0*840* 



100.4 * 28.6 

39.4 ± 21.6 

6.6 ft 0.5 
162.0 ± 85,0* 

97.5 ft 1.1* 



3.4 * 0J b 3.3 x 0,5* 

395,0 ft 324.0 258 0 ft IS6.0 174.0 ± 106.0 
ft 67 94.2 ft 3.4 93.8 * 5.4 



87.0 ± 8.0 86,0 3:11.0 
300,0 ± 232,0 386.0 ft 255.0 

349.0 ± 41.0 339.0 * 35.0 
873.0 * 699.0 1134.0 * 1128,0 
997 ft 0.2 99,6 * 0,4 

19, 8 ft 5 J 20,0 * 48 
1226.0 * 726.0 1733,0 ft 833.0 
917 ± 2,6 90-0 * 3.4 



88.0 a 13.0 
738.0 ft 474.0' 

337.0 ft 37.0 
995.0 a 901,0 
99.8 ft 0.3 

177 ft 5.8 
1129.0 * 629.0 
94.0 ft 2.2 



739.0 ft 343.0= 



1115-0 * 769.0 
997 * 03 



907,0 * 365.0 
95.2 ± 2.0 



82.0 * 12,0 
653.0 ft 399.0 

341,0 x 43.0 
1264.0 * 82X0 
99,5 ft 0,3 

18.8 ± 4,1 
960.0 X 407.0 
94.2 * 2.8 



9S.4 ft 24.9 



137.0 ft n.$>> 

97.8 ± LI* 



118.0 ± 99.0 
96,4 ft 3,5 



607,0 ft 321.0 



1396.0 * 927.0 
99.6 ft 0.2 



1107.0 ± 520,0 
94.0 ft 2.5 



98.8 
19.6 



23.0 
9,1 



6,4 ft 0.3 
101.0 ft 71,0 
98.5 x 1.0 

3,7 ± 0,5 
131,0 ft 97,0 
967 ft 2,9 

82.0 ft 10.0 
863,0 ft 447,0* 

355.0 ft 34.0 
1848,0 * 1646,0* 
99.5 ft 0,4 

20.5 ft 4.5 
1757.0 ft 967.0 
90.8 ft 3.9 
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'Vsiues are means ft so for 13 subjects. 

i Signi6ca»tly different from (msellee: a = P < 0,001, b ':*> P < 0.01, c » P < 0-05. 



were subjected to regression analysis. For this regres- 
sion peak minus baseline values of insulin were cal- 
culated for each individual. Postprandial increases in 
urine calcium were corrected for baseline levels. As 
hyjHJthesized there was a positive correlation jr ~ 0.82, 
P < OiOl) between the increase in urinary calcium ex- 
cretion and serum insulin {Fig, 1). The regression was 
performed on 12 subjects because the data from one 
individual were rejected as a statistical outlier (2Q}< Some 
subjects showed small or no increase in both parame- 
ters whereas others experienced large increases in both 
urine calcium and serum insulin after the sucrose load. 

As anticipated, urinary excretion and percent reab- 
sorption were significantly negatively correlated for the 
following minerals {P < 0.001): calcium, z = ~0.81 ; 
phosphorus, r ~ -0.85? sodium, r = -0.93; potas- 
sium, t ~ -0,79, Urine calcium and serum phosphorus 
were weakly negatively correlated |r ~ -0.41, P < 
0,05 1. The postprandial increases in urine calcium and 
urine zinc excretion were positivel? correlated {r ~ 
0.80, P < 0,01 1, whereas the association between urine 
potassium and serum insulin was negative {r ** - 0.80, 
P < 0.001), Serum insulin was not significantly cor- 
related with urine phosphorus, sodium or zinc. 



DISCUSSION 

Sucrose consumption resulted in rapid changes In the 
metabolism of insulin, calcium, phosphorus, sodium, 
potassium and zinc. Urinary excretion and percent 



reabsorption were significantly negatively correlated for 
all minerals studied. 

Ingestion of an oral sucrose load caused a marked 
increase in urine calcium excretion. The effect is sim- 
ilar to that produced by other eaibohydrates {5~7J and 
protein (1, 2), As in the case of protein consumption 
(i), the increase in urinary calcium excretion after su- 
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HGIME i Correlation of postsucrose increases to serum 
insulin and urine calcium for individual subjects. 
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erase ingestion was associated with reduced renal cal- 
cium reabsoiptxoa and was highly correlated with the 
insulin response. Hie peak in seram insulin precedes 
the peak in urine calcium by approximately 0.5 h. The 
correlation between urinary calcium excretion and serum 
insulin after both protein and sucrose intake suggests 
that a similar mechanism is operating in both cases. 
We have preliminary evidence that insulin affects cal- 
cium transport in renal tubular cells {21)< In previous 
experiments we found that the magnitude of the cat* 
ciuretie effect of protein varied greatly among individ- 
uals (1, 2). This mterindividua! variability was also ob- 
served here after sucrose intake. Some subjects showed 
considerable insulin and urinary calcium responses to 
sucrose ingestion whereas others showed small in- 
creases in both parameters. The magnitude of the cal- 
ciuretic response may be an important risk factor for 
bone loss. 

We demonstrated previously that parathyroid hor- 
mone is not involved in protein-induced calciuria {22}. 
This conclusion is supported in the present experiment 
by the observation that serum phosphorus and urine 
calcium were weakly negatively correlated. If an in- 
hibition of parathyroid hormone action were respon- 
sible for the sucrose-induced calciuria, serum phos- 
phorus should have been increased, not decreased as 
observed. 

Glucose {23, 24} and glucose polymer {25} have been 
demonstrated to enhance the intestinal absorption of 
calcium and zinc in human subjects, but in thepxe^sat 
research the test beverage contained no minerals except 
far the trace amounts present in the distilled water and 
sucrose. Increased absorption is therefore unlikely to 
explain the increased excretion of urinary calcium. In 
addition, intravenous infusions of glucose stimulate 
urinary calcium excretion in rats {3), an observation 
that supports a lack of intestinal involvement. Post- 
prandial changes in blood glucose are also unlikely to 
have caused the calciuria because glucose infusion is 
calciuretic in human subjects maintained under eugly- 
cemic conditions (9) and noncalciuretic in rats if in- 
sulin secretion is blocked j3j- 

The time response patterns of urine sodium and po- 
tassium excretion were similar to those observed after 
the intake of a high protein meal {2}. Urine sodium was 
elevated only at t * 3.0 h, when the rate of urine cal- 
cium excretion was failing. An increase in the rate of 
urinary sodium excretion does not occur during glucose 
or insulin infusions shorter than 1 h {9, 10}. However, 
the significant correlation between urine calcium and 
sodium excretion observed here has also been reported 
in urine samples from fasted subjects consuming self- 
selected diets {26} and in 24-h urine samples of indi- 
viduals consuming 400 rag caleium/d f or 1 wk (27). The 
negative correlation between serum insulin and urine 
potassium in the present study is consistent with the 
effect of insulin infusion on urine potassium reported 
by others (9). 



increases in urinary zinc excretion after sucrose con- 
sumption were similar to those resulting from a high 
protein meal (ij. There was no association between 
serum insuiin and urine zinc, although increases in 
urine zinc and urine calcium were positively correlated. 
In dogs, insulin infusion has been shown to inhibit, and 
glucagon to stimulate, urinary zinc excretion fl7)j 
measurement of both of these hormones should be made 
m future research on the effects of carbohydrates oa 
the renal handling of zinc. The greater excretion of 
urinary zinc in the present research may have been 
caused by alterations in the affinity of serum zinc for 
its binding constituents, resulting in changes in the 
tiltrafilterable fraction {28}. Alternatively, renal secre- 
tion of zinc across tubular cells may have been stim- 
ulated. The marked increase in urinary zinc excretion 
warrants further investigation. 

This study has important implications. Patients with 
renal hypercalciuria respond to glucose ingestion by 
further increasing calcium excretion {29}, so that in this 
condition the excessive consumption of sucrose might 
contribute to renal stone formation. Individuals who 
consistently respond to sucrose ingestion with a sub- 
stantial increase in urinary calcium may be at greater 
risk of developing bone loss associated with aging. Ber 
cause a postprandial calciuretic response can be in- 
duced by sucrose as well as protein, studies comparing 
the relative calciuretic effects of meals high in either 
protein, simple carbohydrate or complex carbohydrate 
are needed before specific dietary regbaens can be rec- 
ommended as beneficial to bone health. 
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summary Plasma insulin levels were determined following oral glucose ift 12 patients 
with adult coeliac disease, after oral lactase in four patients with alactasia, and in age-matched 
control subjects. 

In coeliac patients the insulin response was greater than expected from the small rise m blood 
sugar, and no correlation was found between plasma insulin and sugar levels at any period 
during the test. The separation of the plasma insulin curve from the blood sugar curve after 
glucose is in keeping with the concept that a factor responsible for stimulating insulin secretion 
is released from the gut during or after absorption of glucose. 

In patients with selective lactose malabsorption, (alactasia) administration of lactose by 
mouth failed to elicit any insulin response, indicating that the insulin-releasing effect of the 
bowe! is not activated merely by the presence of intraluminal carbohydrate. 



The availability of a sensitive immunoassay has 
ted to the recognition that the secretion of insulin 
in viva is closely dependent on the blood sugar 
ievei (Yaiow and Hereon, I960) and studies with 
isolated pancreas preparations have shown a 
simitar increase in insulin output when the glucose 
concentration in the incubating medium is raised 
(Maiaisse, Malaisse-Lagae, and Wright, 1967). 

Increase in blood glucose above a threshold 
level was considered to be the only important 
physiological stimulus for insulin release (Field, 
1 $64) until the demonstration by Mclntyre, Molds- 
worth, and Turner (1.964) that the infusion of 
glucose into the jejunum produced a greater rise 
in insulin than an equivalent amount infused 
intravenously indicated that factors other than 
the blood glucose ieve! were concerned in the 
insulin response following oral glucose. 

Absorption of glucose may release a humoral 
substance from the bowel which then acts* to» 
gether with the increase in blood glucose, in 

itectivesi for p-uMieaWOn < Aprii tSTO. 

'Pjewnt Department of Medicine. Kias's Coiieve 

Hospital, LsnijoK SBi, 



stirautatrng release of insulin, from islet eelis 
(Mclntyre et al, 1964), An ■msulinotropie effect 
has been attributed to various gastrointestinal 
hormones (see the reviews by Holdsworth, 1969, 
and Mayhew, Wright, and Ashmore, 1%9) but the 
mechanisms involved in gut-mediated insulin 
release are not clearly understood. We have 
approached this problem by studying the plasma 
insulin response to oral glucose in patients with 
adult coeliac disease (with subtotal villous atrophy 
and malabsorption of glucose) and to the disae- 
eharide lactose in patients with selective lactose 
maiabsorption (aJactasia). 



Patients and Methods 



COELIAC OiSEASE 

Twelve patients (hve male and seven female), 
with a mean age of 42 years, who weighed on 
average 10% less than ideal for height and sex, 
were studied. Four patients had started a gluten- 
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free diet, while the remaining eight were studied 
before gluten withdrawal. Jejunal biopsy at the 
time of study showed subtotal atrophy in ati 

patients, 

Standard 50g oral glucose tolerance tests were 
performed after an overnight fast. Venous blood 
was taken for blood sugar and insulin estimations 
were made at 0, I' 5, 30, 60, §0, and 120 minutes. 
The results were compared with those from 12 
age-matched controls who were all within 1:6 % M 
ideal body weight. 

In seven coeiiac patients and seven control 
patients an intravenous glucose tolerance test 
was also performed. Venous blood was removed: 
while the patients were fasting and at 10, 20, 30, 
40, 50, and 60 rnisnttes after 25g intravenous 
glucose. 




Fig. I Sugar and insulin response to bit ravenous 
glucose (25j?> in seven camroi subjects (left) and 
seven eaetiae. patients ( right). Were and in figures 2 

and 4, # - • denotes plasma insulin and 

x x blood sugar. ) 



At, ACT A St A 

Four patients (all male) with & mean age of 35 
years were studied. The diagnosis of aladasia 
had been made on a history of milk intolerance, 
confirmed by lactose tolerance tests and jejunal 
lactase activity of under 0-3 umts/g mucosa flower 
limit of normal lactase activity for our laboratory 
i -O umt/g mucosa) (Ferguson and Maxwell, 1967), 
In each case small-bowel histology was normal. In 
these patients venous blood was ttilieti at 0. 15, 
30, 60, 90, and 120 minutes after 10% oral lactose 
and results were compared with four age-matched 
normal control subjects. None of the patients 
nor control subjects studied were diabetic. 

Blood sugar was measured as total reducing 
substances on a Technicon AutoAnaiyzer. Plasma 
insulin was assayed by the iromunopredpitation 
technique of Hales and -Handle (19631, using 
standards and antisera previously described 
(.Bucbanan and McKiddie, 1967a). 



Results 



SNSUUN HKSt'ONSJf TO OttJCOSE 

The effect of intravenous glucose is shown in 
Fig, 1, and demonstrates a virtually identical 
sugar and plasma insulin response in control and 
coeiiac groups. There is thus no evidence for a 
delayed or impaired pancreatic response to tile 
stimulus of hyperglyeaeroia in she eoefiaes. 

In control .subjects the sugar and insulin curves 
following oral glucose closely parallel each other 
(f ig. 2t. in the coeiiac patients the sugar curve 
is much flatter (mean maximal rise of Only 11 
mg%) consistent with glucose malabsorption, 
the insulin rise is slower than in the controls. 
With a delayed peak, and the curve does; not 
parallel the sugar curve, Coeiiac patients were 
found to have a significantly lower sugar level at 
15 minutes and 30 minutes after oral glucose 
than controls tp<0 ()f), but a statistically signi- 




t - J 
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Fig. 2 Sugar and in mtin response ia oral glucose 
0Og) in 12 control subjects (left.) and 12 coeiiac 
patients {fight). 




Sugar Irtsuiiti 



Fig, 3 Sugar ami ttmdm areas after oral glucose 
in control subjects {(slack area) and eoeltac 
patients (dotted area). 
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Fig, 4 Sugar and insulin response to oral lactose 
(lOOg) in control subjects (left) and patients with 
alacsasia (right). 



fieant difference in insuiin levels occurred only 
at i5 minutes following oral glucose (><G-05). 

The areas below the sugar and plasma insulin 
response curves {calculated as mg/min/100 ml 
for sugar and microuniis/min/rn! for insulin) 
give some measure of sugar absorption and 
plasma insulin secretion (Kalkhoff, Schaleh, 
Walker, Beck, Kipnis, arid Daughaday, 1964; 
Perley and Kipnis, 1965). The sugar and insulin 
areas expressed as percentages of control values are 
Shown in Figure 3. It cart be seen that although 
trie overall insulin response in coeliacs is decreased 
to 65% of the control value, this is out of propor- 
tsontothe sugar response which is only 22%of the 
response in control patients, 

A significant positive correlation was found 
between sugar and insulin values in control sub- 
jects at 60 minutes (r »* 0-67), 90 minutes 
ft ™ 0-70), and 120 minutes (r 0-83) after 
oral glucose. In the coeliac patients on the other 
hand, where little rise in blood sugar occurs, 
no correlation was found between sugar and in- 
sulin levels at any time during the test period. 



INSULIN RESPONSE TO LACTOSE 

Figure 4 shows the effect of oral lactose on the 
sugar and insuiin response in patients with 
alactasia, and in the control group, 3n the alac- 
tasia group the sugar curve is Hat (lactose mal- 
absorption) and there was no insuiin response, 
while in controls there is a normal rise in sugar 
and insulin levels after oral lactose. 



Discussion 

A positive correlation between sugar and insulin 
levels has been found in the latter part of the oral 
glucose tolerance test in normal control subjects 
in this and other studies (Buchanan and McKM- 
die, 1967b; Martin, Pearson, and Stocks, 1968). 
These, findings are consistent with the view that 



insulin secretion at this stage is determined by & 
direct effect of the elevated blood sugar on 
islet cells, as has been shown with isolated pan- 
creas preparations (Makisse et «/, 1967). On the 
other hand the absence of correlation between 
these variables in the first hour after glucose 
ingestion suggests that insulin secretion during 
the initial period of the glucose test may be 
largely the result of a factor or factors other than 
the blood sugar level, and an insulin release 
mechanism mediated by the gut may provide 
the explanation for this early insulin response. 

in coeiiac patients where glucose absorption 
is greatly diminished (Hoidsworth and Dawson, 
196S) and the increment in blood sugar above 
fasting levels is small, no correlation is found at 
any stage in the test between sugar and insulin 
values. It is interesting to speculate whether the 
insulinotropic effect of the bowel might be the 
major factor in determining insulin secretion 
throughout the iest period in these patients with 
glucose malabsorption. 

These studies provide further evidence for the 
existence of an insulin-releasing effect by the 
alimentary tract. The site of release of the insulk- 
stimuiating factor remains unknown, hut it is 
unlikely to originate from the liver or portal 
circulation (McXntyre, Turner, and Holdsworth, 
1968; Holdsworth, 1969). 

We have shown that the stimulus to the release 
of an insulinotropic factor does not depend 
merely on mucosa! contact or indirect changes 
(such as in pH, motility, or osmotic pressure) 
evoked by the passage of carbohydrate into the 
lumen of the small bowel, for the presence of 
unabsorhed lactose in the gut of lactase-dencient 
patients did not produce a rise in plastna insulin;. 
This suggests that it may be the onset of mono- 
saccharide absor ption which stimulates the bowel- 
mediated release of insulin after oral carbo- 
hydrate. As there ts experimental evidence that 
insulin can enhance the absorption of glucose 
from the small intestine in vstm (Love and 
Canavan, .1968) such an interrelationship could 
provide a feedback system for facilitating glucose 
absorption. 
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JSffect of Protein Ingestion on the 
Glucose and Insulin Response to a 
Standardized Oral Glucose Load 

FRANK Q. NUTTAIX, M.D., Ph.D., ARSHAG D. MOORADiAN, M.D., MARY C. GANNON, Ph.D., "~~ 
CHARLES BlUJNGTON, M.D.. AND PHILLIP KREZOWSKI, M.D. 

Type II diabetic subjects were given 50 g protein, 50 g glucose, or 50 g glucose with 50 g protein as a 
single meal in random sequence. The plasma glucose and insulin response was determined over the 
subsequent 5 h. The plasma glucose area above the baseline following a glucose meal was reduced 34% 
when protein was given with the glucose. When protein was given alone, the glucose concentration 
remained stable for 2 h and then declined. The insulin areja following glucose was only modestly greater 
than with a protein meal (97 ± 35, 83 ± 19 \iXJ • h/ml; respectively). When glucose was given with 
protein, the mean insulin area was considerably greater than when glucose or protein was given alone 
(247 ± 33 (jlU ■ h/ml). When various amounts of protein were given with 50 g glucose, the insulin 
area response was essentially first order. Subsequently, subjects were given 50 g glucose or 50 g glucose 
with 50 g protein as two meals 4 h apart in random sequence. The insulin areas were not significantly 
different for each meal but were higher when protein + glucose was given. After the second glucose 
meal the plasma glucose area was 33°A less than after the first meal. Following the second glu- 
cose + protein meal the plasma glucose area was markedly reduced, being only 7% as large as after 
the first meal. These data indicate that protein given with glucose will increase insulin secretion and 
reduce the plasma glucose rise in at least some type II diabetic persons, diabetes garb i984 ; 7:465-70. 



It is well known that protein ingestion or the admin- 
istration of amino acids orally or intravenously will 
stimulate insulin secretion in normal or mildly dia- 
betic subjects. 1-5 In normal subjects we have previ- 
ously demonstrated that a diet composed of 40% of the food 
energy in the form of protein and 20% in the form of car- 
bohydrate results in a clear increase in circulating insulin 
concentration after each meal. This occurred in the absence 
of a significant rise in glucose concentration after the second 
and third meals of the day. 6 This study suggested that a 
moderately high protein diet might be useful in the treatment 
of type II diabetic patients. To test this hypothesis, we have 
determined the plasma glucose and insulin response to a 
standard glucose meal in the absence and the presence of 
varying amounts of protein in mild type II diabetic subjects. 



SUBjECTS AND METHODS 

Nine male, untreated diabetic subjects were studied in a 
metabolic unit. All patients met the National Diabetes Data 
Group criteria 7 for the diagnosis of type II diabetes. The mean 



age was 61 ± 12 yr with a range of 38-74 yr. The mean 
percent of desirable body weight was 123 ± 23% using the 
1959 Metropolitan Life Insurance Co. tables for persons of 
medium frame. AH subjects signed an informed consent and 
the study was approved by the hospital committee on human 
subjects. All participants were on diets consisting of at least 
200 g of carbohydrate/day with adequate food energy for 3 
days before testing. None of the subjects had received treat- 
ment with either oral hypoglycemic agents or insulin pre- 
viously. After an overnight fast of 8-10 h, an indwelling 
catheter was inserted into an antecubital vein and kept patent 
with small amounts of heparin. 

The plasma glucose was determined by a glucose-oxidase 
method using a Beckman glucose analyzer (Beckman Instru- 
ments, Fullerton, California). Serum immunoreactive insulin 
(IRI) was measured in duplicate by a standard radioimmu- 
noassay method 8 using a kit supplied by Pharmacia Labora- 
tories (Piscatway, New Jersey). The glucose and insulin areas 
above the fasting baseline were determined by planimetry. 
Areas below the baseline were subtracted from areas above 
the baseline to give a net area. The fat content of the ham- 
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t „ af n i 1 2 3 4, and 5 h after the 
urements was drawn at U, », i , • 1 

TKe^eTdStic subjects the effect of adding 10, 
30 and 0 Vprotem to a standard 50-g glucose dose was 
studied Protein was given as well-cooked very lean (6.5 /« 
. hamburger (47, 142, and 236 g raw wt, respectively). 
Bbod i glucose and insulin were collected at the 

rime intervals indicated above. 

HI Five type II diabetic subjects were given either two 
do es of 50 g of glucose 4 h apart or 50 g glucose with 50 g 
^41^ 

was drawn before and I, 1, 2, .i, 4, 3. t, 
the ingestion of the first test meal. 



RIG 1 Pla»™ tfucost response to ingestion of 50 g glwcc.se, 50 g 
^, ei n! or a combLtion o/ 50 g glucose and 50 g Intern. Seven male, 
untreated diabetic subjects were studied. 

burger was determined by gravimetric analysis of several ether 
extractions of the meat. Student's t-test for paired 
was used far analysis of statistical significance. Data are pre 
sented as mean ± standard error of the mean. • 
The following three studies were done: - 
Seven type IS diabetic subjects weretfven 50 g of glucose 
(Glutol, Paddock Laboratories, Minneapolis, Minnesota) or 
C of protein or a combination of 50 g of glucose with 50 
I of protein over 3 consecutive days in a random order. In 
al tSL, protein was given as well-cooked very lean ham- 
burger (236 g raw wt). Blood for glucose and insulin meas- 
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RE SULTS _____ ■ 

Fo l| owi no ingestion of 50 g glucose, the plasma glucose rap- 
dl increased from the baseline of 156 ± 13 mg/dl to a peak 
2 - 9.8 mg/dl at 1 h. It had returned to the baseline 

v 'bom 4-5 h (Figure 1). When 50 g protem alone was 
g ven there was no W in plasma glucose conce— 
for ? h and then it began to decline gradually. By 5 h it was 

pp oac ng a normaf fasting level. When glucose and pro- 
S we e g ven together, the plasma glucose concentration 

e ached the same peak concentration as with glucose alone. 
However the glucose concentration declined more rapidly. 
3 5 h S had turned to the baseline. It continued to 
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FIG 2 Serum insulin response to ingestion of 50 g jluoMe, 50 g 
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FIG. 3. Areas above baseline /or plasma glucose and serum rnsu 
detenmned over the 5-h period /oiling mgestion 
ilm ), or a combination o/ glucose and proem. Ind.ca e st t .i 
deference from glucose administration alone /or glucose area. 
£ iucose + protein , s^/leand, greater dum 

in motion mdiwiurdb. The glucose and protein area is also . 
t h S Lr than _*'«*. o/ glucose alone plus protem 
> < 0 01) This indicates synergism between oral glucose + »' 1 
mgestion in the simulation of msufin secretion.] The subjects 
the same as indicated in Figure 1 . 
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FIG 4 Areas above baseline /or plasma glucose and serum insulin 
determined /or 5 h following ingestion of 50 g glucose and mcreasmg 
amounts of protein. ('locates results statistically different from those 
obtained after glucose ingestion alone.) Five mole, untreated diobet.c, 
subjects were studied. 

decline such that by 5 h it was well within the normal fasting 
glucose range {99.5 ± 7 mg/dl) (Figure 1). 

Following glucose ingestion the mean serum insulin cotvj. 
centration rose to a maximum of 53 ± 13 uJU/ml at 1 h and 
then gradually decreased but had not reached the baseline 
concentration by 5 h {Figure 2). When only protein was 
given, the peak in insulin concentration occurred later than 
when glucose was given (2 h and 1 h, respectively). The 
peak also was not quite as high (45 ± 6.9 pJJ/ml) as when 
glucose was given, although the difference did ndt reach 
statistical significance (Figure 2). By 5 h it also had not 
declined to the fasting level. When glucose was given with 
protein, the insulin peak (96 ± 18 uTJ/ml) was significantly 
greater than when glucose or protein was given individually. 
The peak occurred at 2 h, i.e., the same as when- protein 
was given alone. By 5 h the insulin concentration was sti 1 
considerably elevated. In fact, it was more than twice as high 
{38 ± 10 |xU/ml) as the fasting value (16 ± 2 u-U/ml). 

The areas of the glucose and insulin curves above the 
baseline were determined and are shown in Figure 3. The 
glucose area after glucose plus protein ingestion was only 
65% of the area observed with glucose alone {Figure J) and 
the difference was statistically significant (P < 0.05). The 
glucose area following protein ingestion was slightly negative 
as expected. The insulin areas following glucose alone or 
protein alone were quite similar (93 ± 33 uAJ - h/ml and 
87 ±18 u-U ■ h/ml, respectively). However, the area after 
the ingestion of glucose combined with protein was much 
greater (233 ± 39 uU ■ h/ml). In fact, it was approximately 
2.5 times as high as with either glucose or protein alone. It 
was 30% greater than the sum of the areas of glucose and 
protein added together. 

Addition of 10 g protein to a 50-g glucose load did not 
significantly affect the glucose curve (Figure 4). With ad- 
dition of 30 g protein, the mean was modestly, but not 
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FIG 5 Plot of insulin areas obtained with increasing amounts of protein 
ingested. The subjects are the same as indicated in Figures 1 and 4. 

significantly, reduced. With addition of 50 g protein there 
was a further reduction that, was statistically significant 

(P < 0.05). ,„ 

The mean setum insulin area following 10 g protein with 
50 g glucose was 125% of that obtained with glucose alone 
(Figure 4)- However, this did not reach statistical signifi- 
cance. Tnere was a further increase in insulin area when 30 
and 50 g of protein were given with glucose, and these in- 
creases were statistically significant. When the dose response 
was plotted on semilog paper (Figure 5), the curve approx- 
imated a straight line, suggesting a first-order relationship 
between the response and dose of protein given. The cal- 
culated K (slope) was 2.8 u-U ■ h/g protein/ml. However, 
there was a suggestion of a falloff in response at the 50-g 

°The plasma glucose and insulin response to two sequential 
doses of glucose given 4 h apart is shown in Figure 6. 1 he 
rise in plasma glucose concentration was modestly smaller 
after the second dose, although the difference was not sta- 
tistically significant. The insulin curve after the second meal 
also was similar to the first, However, the vise started at a 



o 

£ 




FIG. 6 
ingested 
studied. 



"0 12 
jmeol! I meal 2 

Time (hrs ) 

Plasma glucose and serum insulin responses to 50 g glucose 
twice, 4 h apart. Five male, untreated diabetic subjects were 
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FIG, 7. Areas above baseline for plasma glucose and serum insulin 
determined over the 4'h period following consecutive. 50-g glucose meals 
given 4 h apart (see Figure 6). The subjects are the same as indicated 
in Figure 6. ■ 

higher level than after the firsc meal. When the areas above 
the fasting baseline were determined, the glucose area after 
the second meal was significantly reduced compared with the 
first meal (307 ± 29 versus 202 + 32 mg • h/dl). The in- 
sulin areas after each meal were not significantly differ- 
ent (58 ± 11 versus 82 ± 10 |xU • h/ml, respectively) (Fig- 
ure 7). * 

When glucose was given with protein 4 h apart (Figure 
8), the peak glucose concentration after the second meal was 
considerably less than after the first meal. As expected, the 
rise in insulin concentration was greater than with the glu- 
cose administration alone. The rise after the second meal 
was less than after the first meal, but peak concentration 
after each meal was similar, The first glucose area (Figures 
8 and 9) was less than when glucose was given alone (Figures 
6 and 7) and the area was further reduced after the second 
meal compared with the first (17 ± 6 versus 230 ± 38 mg ■ h/ 
dl). Actually, the second area was only 7% of the first. The 
insulin areas aftet the first (207 ± 26 jxU ■ h/ml) and second 
(197 ± 37 |xU • h/ml) meals were essentially identical (Fig- 
ure 9). Compared with the response to glucose alone, the 
insulin area was 3.6-fold greater afrer the first meal and 2.4- 
fold greater after the second meal. 

DISCUSSION _ ~ 



That protein stimulates insulin secrerion in mild 
type II diabetic subjects is in agreement with pre- 
vious studies. 4 - 5 ' 9 In the present study, the stim- 
ulation of insulin secretion by protein in the form 
of hamburger was similar on a weight basis to that of glucose, 
although the peak response was delayed. In addition, the 
insulin response to co-ingestion of glucose and protein was 



greater than the sum of the responses to glucose and protein 
added together. This indicates a strong synergism between 
oral protein and glucose in the stimulation of insulin secre- 
tion. When increasing amounts of protein were given with 
a standard amount of glucose, the insulin response was first 
order in regard to the quantity of protein ingested. Thus, 
smaller amounts of protein were relatively more potent than 
larger amounts. A synergistic effect on insulin secrerion also 
has been reported previously in four normal women who 
received beef steak with glucose. However, in this study there 
was little change in insulin concentration when steak con- 
taining approximately 60 g of protein was given alone. 10 

The hamburger given contained 6.5% fat. Dietary fat has 
been reported to delay gastric emptying. 11 Thus, the far pres- 
. enr could have affected the results obtained. A major effect 
on gastric emptying is not likely, however, since the peak 
glucose concentration following ingestion of the hamburger 
with glucose was similar to that observed with glucose inges- 
tion alone (Figure 1). Also, the peak occurred at similar 
times, and the decrease in glucose concentration was more 
rapid when the combination was ingested. We would not 
have expected the increased food-energy load"- following the 
ingestion of hamburger with glucose to have affected gastric 
emptying of glucole for the same reasons. Nevertheless, since 
the rate of gastric emptying was not measured, a small effect 
on the glucose response cannot be completely ruled out. 

In a large group of normal subjects Floyd et al. 2 reported 
a rise in insulin concentration similar to that observed in the 
present study. The total amount of protein given was not 
stated, but calculations based on the usual protein con- 
centration in lean beef and chicken livers, the foods used in 
the study, indicate that it was at least twice as much as was 
used in the present study. In a subsequent study' 1 the same 
group reported the response to a protein meal in subjects 
with glucose intolerance and type 11 diabetes compared with 
normal subjects. In general, the insulin response to the pro- 
tein meal correlated with the insulin response to a standard 
glucose meal. In mildly obese, glucose-intolerant subjects 
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FIG. 8. Plasma glucose and serum insulin responses to 50 g glu- 
cose + 50 g protein ingested twice, 4 h apart. The subjects are the same 
as indicated in Figure 6. 
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FIG. 9. Areas above baseline for plasma glucose and serum insulin 
determined over the 4-h period {allowing consecutive ingestion of 50 g 
glucose with 50 g protein given 4 h apart, (see Figure 8). ('Indicates 
response to second meal jrmtssicaJly significantly different from response 
to first meal. ) The subjects are the same as indicated in Figure 6. 



insulin response to glucose was greater than in normal sub- 
jects. The response to a protein meal also was greater, iri ' 
the normal-weight diabetic subjects the insulin response to 
the standard glucose meal was less than in the normal sub- 
jects. The response to the protein meal also was less. They 
suggested that the exaggerated insulin response to a protein 
meal in diabetic subjects compared with normal subjects re- 
ported by Berger and Vongaraya 5 was due to the use of obese, 
diabetic patients in their study, since the insulin response to 
a standard glucose meal also was greater in the diabetic sub- 
jects. However, review of the data indicates that the insulin 
response to glucose was only modestly greater, whereas the 
response to protein was considerably greater than in the nor- 
mal subjects. 

Thus, whether the insulin secretory response to protein 
ingestion in type II subjects is relatively better maintained 
than the secretory response to glucose ingestion is contro- 
versial. Our data would suggest that the response to protein 
is better maintained in at least some type II diabetic subjects. 
This is supported by data obtained in partially pancreatec- 
romized rats. 13 

That a high protein content might be useful in the diet for 
diabetic persons was suggested as early as 1936. H It was based 
on the observation that ingestion of up to 140 g of protein 
as lean beef did not significantly increase the blood glucose 
concentration in either normal or mild type II diabetic sub- 
jects even though theoretically a large proportion of the 
amino acids was available for conversion to glucose. 1 ' 1 Our 
data also indicate that protein ingestion does not cause an 
increase in plasma glucose and in fact may reduce the glucose 
concentration (Figure 1). In addition, when protein was given 
with glucose, the postmeal glucose area was reduced. Similar 
results have been reported in both normal 10 and type II di- 
abetic subjects. 9 However, this has not been a universal ob- 



servation. Jenkins et al. 15 have reported that addition of 
protein to a carbohydrate meal does not reduce the plasma 
glucose area above the baseline in normal subjects. Also, 
Day et al. 16 reported that addition of varying amounts of 
protein to a constant amount of carbohydrate in a meal did 
not significantly influence the plasma glucose rise. When 
there was less than 8 g of protein in the meal, the insulin 
response per unit increase in plasma glucose concentration 
was less than with a larger amount of protein; otherwise, 
they also noted little difference in insulin response as the 
protein content was increased up to as much as 25 g. When 
a greater amount of protein was given, both the glucose and 
insulin responses were increased. In the latter study the sub- 
jects were only studied for 90 min and the meal was given 
at noon. 

It has been known for many years that giving normal 
individuals a second glucose meal approximately 4 h after a 
previous glucose meal results in an improved rate of glucose 
clearance. 17 19 This is the so-called Staub-Traugott effect. 
We were certainly interested in determining if this effect 
would be observed when protein was given with glucose to 
diabetic subjects for three reasons. First, we had demonstrated 
a much greater insulin vise when protein was given with 
glucose as,a single meal than when glucose was given alone. 
Second, we had observed a greater plasma glucose area above 
" baseline and smaller insulin area ahove baseline when mild 
type II diabetic subjects were given 50 g of glucose compared 
with a mixed breakfast meal containing approximately 70 g 
of carbohydrate and approximately 20 g of protein.' 0 Lastly, 
in normal subjects receiving a 40% protein diet, we have 
previously demonstrated a reduced glucose response after a 
second and third meal were given 4 h apart. 6 In these subjects 
following each meal there was a distinct, sharp rise in insulin 
that could not be accounted for by a rise in glucose concen- 
tration or amino acids. ! 

In the present study, when glucose was given alone, a 
second meal effect (Staub-Traugott effect) was clearly ob- 
served even though the plasma insulin areas were similar 
after each meal (Figure 6). When protein was given with 
glucose, the second meal effect was much more striking. The 
second meal area was only 7% of that after the first meal. 
The insulin areas after each meal were essentially identical, 
although they were considerably higher than with glucose 
administration alone. 

It is well known that protein ingestion stimulates a rise in 
circulating glucagon concentration; with glucose ingestion it 
is depressed. 22 - 26 It is also clear that the circulating glucagon 
concentration depends on the ratio of protein to carbohydrate 
in the meal. If the protein-to-carbohydrate ratio is high, it 
will increase, whereas if the ratio is low, it will decrease. 16,21 
We had planned to determine the glucagon response in our 
studies; unfortunately, the tubes containing plasma samples 
for glucagon determination were either broken and/or the 
samples, thawed when our laboratory was moved to another 
building. Thus, it was not possible to determine the glucagon 
response in these subjects. From previous experience, we 
would anticipate only a modest rise in glucagon when equal 
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amounts of protein and glucose are given. 21 In any regard, 
the insulin secreted in response to the mixture of protein and 
glucose was sufficient to reduce the postmeal glucose rise. 

Whether a moderately high protein will be beneficial in 
type II diabetic patients remains to be determined. Never- 
theless, the present studies suggest that protein ingestion is 
important in stimulating insulin secretion in these individ- 
uals. When carbohydrate is ingested, the simultaneous inges- 
tion of protein may also prove useful in reducing the postmeal 
glucose rise. In addition, these data indicate the need to 
consider the insulin secretory response and a second and third 
meal effect on blood glucose concentration when determin- 
ing the glycemic response to a food. 
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The Metabolic Response to Ingestion of Proline With and Without Glucose 

Frank Q. Nuttall, Mary C. Gannon, and Kelly Jordan 

Ingested protein results in an increase in circulating insulin and glucagon concentrations and no change, or a slight decrease, 
in circulating glucose. In subjects with type 2 diabetes, when protein is ingested with glucose, insulin is further increased and 
the glucose rise is less than when glucose is ingested alone. Presumably these effects are due to the amino acids present in 
the proteins. The effects of individual amino acids, ingested in physiologic amounts, with or without glucose, have not been 
determined. Therefore, we have begun a systematic study of the response to ingested amino acids. Eight young, non-obese, 
subjects (4 men, 4 women) ingested 1 mmol proline/kg lean body mass, 25 g glucose, 25 g glucose + 1 mmol proline/kg lean 
body mass or water only on 4 separate occasions at 8 am. Blood was obtained before and after ingestion of the test meal over 
the following 150 minutes. Proline ingestion resulted in a 13-fold increase in the plasma proline concentration. This was 
decreased by 50% when glucose was ingested with proline. Proline alone had little effect on glucose, insulin, or glucagon 
concentrations. However, ingestion of proline with glucose resulted in a 23% attenuation of the glucose area response and 
no change in insulin response compared with the response to that of glucose alone. A glucose-stimulated decrease in 
glucagon was further facilitated by proline. Ingested proline is readily absorbed. It reduces the glucose-induced increase in 
glucose concentration in the presence of an unchanged insulin and a decreased glucagon response. 
© 2004 Elsevier Inc. All rights reserved. 



DIETARY PROTEIN ingestion clearly results in an in- 
crease in circulating insulin and glucagon in people with 
and without type 2 diabetes. 1 However, it does not result in an 
increase in glucose concentration even though the amino acids 
resulting from digestion of the protein can be converted into 
glucose through gluconeogenesis. 2 Indeed, protein ingested 
with glucose may actually diminish the glucose response to the 
ingested glucose. 3 - 4 Nevertheless, the insulin and glucose re- 
sponse to individual protein sources varied considerably. 3 

Because proteins are composed of 20 different amino acids 
and the composition of each protein is different, we have begun 
a systematic study of the effect of ingested individual amino 
acids on the circulating glucose, insulin, and glucagon concen- 
trations when ingested with and without 25 g glucose. The 
amount of amino acid ingested in each case is 1 mmol/kg lean 
body mass. The subjects are normal young adults. 

We realize that the metabolic response to intact proteins may 
be different from that resulting from ingestion of the individual 
constituent amino acids. Nevertheless, we think evaluating the 
response to individual amino acids should be the first step in 
trying to understand how proteins stimulate insulin secretion 
and lower the blood glucose concentration after glucose inges- 
tion and why the response varies among different protein 
sources. 

The results from the ingestion of arginine 5 and glycine 6 have 
been published previously. Others have reported that alanine 
administered orally also increases plasma insulin, 7 with little 
change in plasma glucose. The effect of ingestion of alanine 
with glucose was not studied. The response to ingestion of 
proline is presented in this report. 

MATERIALS AND METHODS 

Four men and 4 women were studied. All subjects were nondiabetic, 
based on the National Diabetes Data Group criteria for the diagnosis of 
diabetes. The mean age of the subjects was 28 (range, 22 to 38), and 
mean body mass index (BMI) was 23 (range, 21 to 34). Mean body 
weight was 80 kg (range, 58 to 107 kg). 

Written informed consent was obtained from all subjects, and the 
study was approved by the Department of Veterans Affairs Medical 
Center and the University of Minnesota Committee on Human Sub- 
jects. All subjects had fasted 12 hours overnight before testing. 



Each subject was admitted to the Special Diagnostic and Treatment 
Unit (SDTU) on the morning of the study. Body composition was 
determined using bioelectrical impedance (RJL Systems, Detroit, MI). 

An indwelling catheter was inserted into a forearm vein and kept 
patent with intravenous saline. Baseline blood samples were drawn at 
7:30 AM, 7:40 AM, and 7:50 AM. At 8 AM, subjects ingested 1 of 4 test 
solutions in random order. The test solutions consisted of: (1) 1 mmol 
proline/kg lean body mass, (mean 6.0 g [53 mmol] with a range of 5.9 g 
[41 mmol] to 8.2 g [71 mmol]); (2) 25 g glucose (45 mL Glutol); (3) 
1 mmol proline/kg lean body mass plus 25 g glucose; or (4) water only. 
The pH of the amino acid containing solutions was adjusted to 7.0. All 
subjects ingested all 4-test solutions. The volume of the solutions 
ingested was 1 50 mL and the time for ingestion was less than 1 minute. 
Blood was obtained every 10 minutes after ingestion of the test solution 
for 120 minutes and then again at 150 minutes. 

There is some evidence that protein has an effect on satiety. 8 There- 
fore, we were interested in whether individual amino acids also could 
affect satiety. To assess this, the subjects were asked to complete a 
satiety index after the final blood draw (155 minutes after ingestion of 
test solution). The satiety index consisted of the following 5 questions: 
(1) How strong is your desire to eat? (2) How hungry do you feel? (3) 
How full do you feel? (4) How much food do you think you could eat? 
(5) How pleasant have you found the test substances? The subjects 
provided a numerical response using a linear scale of 1 to 100 with 1 
being the least and 1 00 being the most. They then were served a regular 
mixed meal with more food energy than the subjects could eat and the 
amount of food energy (kcal) ingested was calculated by the study 
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dietician using Nutritionist V as a reference. The 4rday study was 
conducted over a 2-week period. 

Plasma glucose was determined by a glucose oxidase method using 
a Beckman glucose analyzer with an 0 2 electrode (Beckman Instru- 
ments, Fullerton, CA). Serum immunoreactive insulin was measured 
using an automated chemiluminescent assay on DPC's IMMULITE 
machine (Diagnostic Products, Los Angeles, CA). Glucagon was de- 
termined by radioimmunoassay (RIA) using kits purchased from Linco 
(St Louis, MO). Alpha amino nitrogen (A AN) was determined by the 
method of Goodwin. 9 Individual amino acid concentrations were de- 
termined by high-performance liquid chromatography (HPLC) in the 
laboratory of Dr K.S. Nair at the Mayo Medical School. Rochester, 
MN. 

The net 150-minute area responses, ie, areas above baseline, were 
calculated using a computer program based on the trapezoid rule. 10 
Food energy consumption was calculated using the computer software 
Nutritionist V (Hearst, San Bruno, CA). Statistics were determined 
using Student's t test for paired variates, analysis of variance 
(ANOVA), or Wilcoxon's signed-rank with the StatView 512+ pro- 
gram (Abacus Concepts, Calabasas, CA) for the Macintosh computer 
(Apple Computer, Cupertino, CA), as appropriate. A P value of < .05 
was the criterion for significance. Data are presented as means ± SEM. 

RESULTS 

After the subjects ingested proline alone the proline concen- 
tration increased rapidly and reached a concentration approxi- 
mately 13-fold over the initial concentration. Ingested glucose 
had little effect on the proline concentration. However, when 
glucose was ingested with proline, it reduced the proline area 
response by 50% (Fig 1). 

The mean fasting glucose concentration was 46 ± 0.13 
mmol/L (82 ±23 mg/flL). After ingestion of glucose alone, 
the glucose concentration increased steadily to 7 mmol/L (126 
mg/flL) at 40 minutes. It remained elevated for 30 minutes 
before gradually returning to the fasting concentration at ap- 
proximately 150 minutes. After ingestion of glucose plus pra- 
line, the glucose concentration increased at the same rate, but 
reached a peak earlier (30 minutes) when compared with glu- 
cose alone. The maximum concentration also was lower (62 
mmolL or 111 mg/flL). Afterthe ingestion of proline alone, the 
glucose concentration was essentially unchanged from that 
when only water was ingested (Fig 2A) . 

When proline was ingested with glucose, the glucose area 
response above baseline was attenuated by 23% when com- 
pared with the ingestion of glucose alone. This was statistically 
significant (P < .05). The area response to proline alone was 
not different from the area response to water ingestion (Fig 2B) . 

The mean fasting serum insulin concentration was 85 ± 1.7 
/xU/mL (51 ± 10 pmolL). When subjects ingested glucose 
alone, the serum insulin concentration increased to a maximum 
of 33 /xU/mL (199pmol/L) at 30 minutes. It remained elevated 
for 30 minutes before gradually decreasing to a final concen- 
tration of 12 ± 46/xU/mL (72 ± 28pmolL) at 150 minutes. 
After the ingestion of glucose with proline, the serum insulin 
concentration reached a peak of 41 ± 13 /xU/fnL (246 ± 76) 
pmol/L). The peak occurred earlier (20 minutes) and remained 
elevated at this concentration for 20 minutes over that observed 
when only glucose was ingested. It then returned to the fasting 
concentration at 150 minutes. When proline was ingested 
alone, there was a slight, but persistent, increase in serum 
insulin concentration (Fig 3A) . 
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Fig 1. (A) Mean (± SEM) plasma proline concentration in 8 
healthy subjects after ingestion of water only (A), 25 g glucose (O), 1 
mmol proline/kg lean body mass (A), or 25 g glucose + 1 mmol 
proline/kg lean body mass (•). (B) Net integrated areas under the 
curve (AUC) using the fasting values as baseline. "Significantly dif- 
ferent from glucose + proline using Student's f test [P < .008). 



The mean 150minute integrated serum insulin area response 
was 11% greater after subjects ingested glucose plus proline 
compared with when glucose was ingested alone. This was not 
significant (P = .29). When analyzed over 50 minutes as an 
index of the more rapid increase in insulin, the difference was 
20% greater than when subjects ingested glucose alone. This 
was statistically significant (P = .047). In addition, the rate of 
increase in insulin concentration determined by slope analysis 
was statistically significantly greater after glucose + proline 
compared with proline alone (P < .04). This increased rate 
occurred even though the proline increase was greatly dimin- 
ished (Fig 1A). The insulin area response to ingested proline 
alone compared with water integrated over 150 minutes, al- 
though small, was statistically significant (P < .02) (Fig 3B). In 
fact, it was greater in every individual. 

The initial mean fasting glucagon concentration varied mod- 
estly. However, the overall mean was 62 ± 9 pg/mL. After the 
subjects ingested glucose, the glucagon concentration de- 
creased as expected. A similar result was seen after ingestion of 
glucose plus proline. The mean glucagon concentration re- 
mained below the fasting concentration throughout the period 
of study. After the ingestion of proline alone, the mean gluca- 
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Fig 2. (A) Mean (± SEM) plasma glucose concentration in 8 
healthy subjects after ingestion of water only (A), 25 g glucose (O), 1 
mmol proline/kg lean body mass (A), or 25 g glucose 4- 1 mmol 
proline/kg lean body mass (•). (B) Net integrated AUC using the 
fasting values as baseline. "Significantly different from glucose 
alone using Student's f test (P < .05). 



gon concentration gradually decreased and generally the de- 
crease was greater than after water ingestion (Fig 4A). 

The mean integrated glucagon area response was negative 
after glucose ingestion. The mean glucose area response after 
the ingestion of proline with glucose also was negative. This 
was more negative than with glucose alone, and the difference 
was statistically significant using Wilcoxon's signed-rank anal- 
ysis (P = .03). Proline ingested independently also resulted in 
a decrease in glucagon area response, but this did not quite 
reach statistical significance using Wilcoxon's signed-rank 
analysis (P = .08) (Fig 4B). 

The mean fasting AAN concentration was 3.7 ± 0. 1 mg/flL. 
The AAN concentration decreased after the ingestion of glu- 
cose alone, whereas, it remained unchanged after water inges- 
tion. The AAN concentration increased promptly after proline 
ingestion, reached a maximum at 30 minutes, and then de- 
creased, but was still elevated at the end of the study. When 
glucose was ingested with the proline, the increase was atten- 
uated by approximately 50% , but the elevation in concentration 
remained for the duration of the study (Fig 5A). 

The mean integrated negative AAN area response after glu- 
cose ingestion was statistically significant when compared with 
water ingestion alone (P < .02). The smaller increase in AAN 



area after ingestion of proline with glucose, compared with 
ingestion of only glucose, was highly significant (P < .001) 
(Fig5B). 

The response of individual amino acids to ingestion of water, 
glucose, praline, and proline with glucose is shown in Table 1. 
The concentrations of leucine, isoleucine, and valine decreased 
after ingestion of glucose alone or after ingestion of glucose 
with proline, but not when proline alone was ingested. The 
concentration of the other amino acids (serine, tyrosine, ala- 
nine, glycine, phenylalanine, methionine, threonine, cysteine, 
glutamine, lysine, arginine, histidine, and glutamate) did not 
change significantly after ingestion of proline, glucose, or pro- 
line with glucose (data not shown). Because blood was drawn 
from a forearm vein, rather than from an arterialized hand vein, 
it is possible that part of the effect noted could have been due 
to local extraction of glucose and/6r amino acids by forearm 
tissues. However, we doubt that this was significant because the 
venous catheter generally was inserted just above the wrist. 

The subjects' sensory response to the ingested substances is 
shown in Table 2 The subjects' desire to eat was significantiy 
lower by rank sum analysis (P = .05) after subjects ingested 
proline alone and after glucose plus proline (P = .002), but not 
after glucose alone (rank sum P = 0. 1) when compared with 
water only. The subjects also reported a greater degree of 
fullness after ingestion of proline alone, proline plus glucose, 
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Fig 3. (A) Mean (± SEM) serum insulin concentration in 8 healthy 
subjects after ingestion of water only (▲), 25 g glucose (O), 1 mmol 
proline/kg lean body mass (A), or 25 g glucose + 1 mmol proline/kg 
lean body mass (•). (B) Net integrated AUC using the fasting values 
as baseline. tSignificantly different from proline alone using Stu- 
dent's ttest (P < .02). 
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Fig 4. (A) Mean (± SEM) plasma glucagon concentration in 8 
healthy subjects after ingestion of water only (A), 25 g glucose (O), 1 
mmol proline/kg lean body mass (A), or 25 g glucose -I- 1 mmol 
proline/kg lean body mass (•). (B) Net integrated AUC using the 
fasting values as baseline. **Significantly different from glucose 
alone using Wilcoxon's sign rank test. 
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Fig 5. Mean (± SEM) plasma AAN concentration in 8 healthy 
subjects after ingestion of water only (A), 25 g glucose (O), 1 mmol 
proline/kg lean body mass (A), or 25 g glucose + 1 mmol proline/kg 
lean body mass (•). (B) Net integrated AUC using the fasting values 
as baseline. ""Significantly different from glucose alone using Stu- 
dent's f test [P < .001); ttsignificantly different from glucose alone 
using Student's f test [P < .02). 



and glucose alone compared with when they ingested water 
only (P < .05). However, the difference in fullness was not 
significantly different when the subjects ingested glucose with 
or without proline. Nevertheless, on average, they ate more of 
the mixed meal after proline was ingested (797 ± 80 kcal v 
642 ± 81 kcal) than after water alone, but this was not statis- 
tically significant. After ingestion of glucose alone and glucose 
plus proline, subjects ingested 555 ± 68 kcal and 635 ± 53 
kcal, respectively. Again, the subjects ingested more after 
proline ingestion. These differences also were not significant 
(P = .23). 

The subjects found the sandy, grainy texture of the proline 
unpleasant, and a few described a bitter or sour taste. The 
subjects did not experience any unpleasant sensations, an un- 
pleasant after-taste, or constitutional or gastrointestinal symp- 
toms after the test meals. 

DISCUSSION 

Proline in proteins is important because its structure does not 
allow it to be present in the formation of an a-helix in the amino 
acid chain. 11 Proline is quantitatively absorbed after digestion 
of proteins. 12 Indeed, in the present study the peripheral circu- 
lating proline concentration had increased by 10 minutes after 



its ingestion, and the concentration had increased approxi- 
mately 13-fold by 30 minutes. Absorbed proline is metabolized 
to glutamine, which can enter the tricarboxylic cycle and ulti- 
mately be converted to glucose. 11 

Table 1. Plasma Amino Acid Concentrations 

Time 0 50 Minutes 150 Minutes 



"Statistically significant compared with 0 time (ANOVA). 



Isoleucine 

Water 61 ± 7 53 ± 4 57 ± 5 

Glucose 65 ± 4 43 ± 5* 39 ± 2* 

Proline 56 ± 4 50 ± 3 51 ± 4 

Pro + glue 62 ± 5 49 ± 7 34 ± 5* 
Leucine 

Water 118 ±6 117 ±10 112 ±4 

Glucose 127 ± 5 95 ± 5* 89 ± 4* 

Proline 114 ±8 105 ±8 104 ± 4 

Pro + glue 132 ±10 100 ± 12 74 ±11* 
Valine 

Water 211 ±12 183 ± 7 199 ± 16 

Glucose 162 ± 39 128 ± 33 129 ± 31 

Proline 184 ±15 168 ± 6 179 ± 13 

Pro + glue 219 ± 22 198 ± 22 154 ± 20 
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Table 2. Satiety Index and Caloric Consumption 




Glucose 


Glucose + Proline 


Proline 


Water 




Significance 


Desire to eat 


64 ± 6 


58 ± 8 


62 ± 8 


71 ± 7 




¥¥a 


Degree of hunger 


59 ± 8 


57 ± 8 


59 ± 7 


70 ± 6 




tt ¥¥a 


Fullness 


33 ± 7 


42 ± 9 


36 ± 8 


24 ± 5 




t¥A 


Proposed intake 


62 ± 6 


63 ± 8 


68 ± 7 


70 ± 7 




t¥ 


Test meal taste 


58 ± 8 


47 ± 11 


46 ± 11 


59 ± 6 




AA 


Caloric intake (kcal) 


563 ± 84 


635 ± 53 


797 ± 80 


642 ± 81 






Protein (g) 


24 ± 5 


24 ± 4 


28 ± 6 


24 ± 3 






CHO (g) 


67 ± 15 


96 ± 11 


117 ± 10 


85 ± 19 




AA 


Fat (g) 


23 ± 6 


19 ± 4 


27 ± 4 


25 ± 5 






Statisical Significance Denoted by the Following Symbols 






Rank Sum 


P Value and Rank Sum 


Glucose v glucose + proline 


* 






** 




Glucose v proline 




A 






AA 




Glucose v water 




t 






tt 




Glucose + Pro v proline 


V 






vv 




Glucose + Proline vwater 


¥ 






¥¥ 




Proline vwater 




A 






AA 





NOTE. Average response on a scale of 1-100 with 1 being the least and 100 the most. See Materials and Methods for more details. 

Desire to eat: Glucose + proline is significantly less than glucose. Proline is significantly less than water (rank sum only). 

Degree of hunger: Glucose, glucose and proline are significantly less than water. Proline is significantly less than water (rank sum only). 

Fullness: Glucose, glucose + proline and proline are significantly higher than water (rank sum only). 

Proposed intake: Glucose, glucose + proline are significantly less than water (rank sum only). 

Test meal taste: Proline is significantly less than water. 

CHO intake: Glucose is significantly less than proline. 



The proline content of meats is approximately 4% to 5% on 
a molar basis. In cottage cheese, it is approximately 10%. 12 
Thus, the amount of proline ingested by the subjects in this 
study was the equivalent of that found in 0.38 pounds (6 
ounces) of beef or 0. 15 pounds (24 ounces) of cottage cheese. 
These represent readily attainable amounts of proline ingested 
in a single meal. In the collagen family of proteins, another 
dietary source of protein, proline and its hydroxylated deriva- 
tive, hydroxyproline, make up approximately 20% to 24% of 
the total number of amino acids present. 

We were particularly interested in the effect of proline on 
circulating insulin and glucagon concentrations, because we 
previously had shown that ingested gelatin, the hydrolyzed 
product of collagen, strongly potentiated a glucose-stimulated 
increase in insulin (~270%) and reduced the plasma glucose 
response by approximately 30% in people with type 2 diabe- 
tes. 3 We were surprised by these results because the amino acid 
composition was considerably different from that of the other 
proteins studied. 

Glycine, proline, and hydroxyproline make up approxi- 
mately 55% to 65% of the total amino acids present in collagen, 
thus, we assumed that these amino acids contributed to the 
greatiy increased insulin and smaller glucose response in peo- 
ple with type 2 diabetes when gelatin was ingested with glucose 
compared with when glucose was ingested alone. 3 However, 
neither glycine nor proline had been reported to stimulate 
insulin secretion. 

Using the same protocol as used here, we previously have 
reported that glycine, the other major amino acid present in 
collagen, reduced the plasma glucose area response to ingested 
glucose by greater than 50% without a difference in insulin area 



response in normal subjects. This suggests that glycine stimu- 
lated insulin secretion in the presence of an increased glucose 
concentration. When glycine was ingested alone, it also stim- 
ulated a small increase in insulin concentration. Glycine inges- 
tion also strongly stimulated an increase in glucagon concen- 
tration. 6 

The present data indicate that proline derived from the di- 
gestion of gelatin also is likely to have contributed to the 
smaller glucose response noted previously in the diabetic sub- 
jects when they ingested gelatin with glucose compared with 
when they ingested only glucose. 3 As with glycine, a proline- 
facilitated insulin response to glucose likely was playing a role. 
However, on a molar basis, glycine was more effective 6 than 
proline in reducing the glucose response. This occurred even 
though the quantitative insulin responses were similar. 6 A 
kinetic difference in response also was present. Proline stimu- 
lated an early increase in insulin, whereas, with glycine, the 
increase was slower than when glucose was ingested alone. An 
early increase in insulin, ie, a first phase insulin response is 
clearly important in maintaining a normal glucose concentra- 
tion after a meal. 13 14 

To our knowledge, this is the first report of an effect on 
glucose and insulin metabolism by proline. In addition, based 
on the amount ingested, the effect is likely to be physiologically 
relevant. 

The glucagon responses to glycine and proline clearly were 
different. Glycine stimulated an increase in concentration; pro- 
line did not. In fact, it resulted in a further decrease in glucagon 
concentration when it was ingested with glucose (Fig 3). Thus, 
glycine, but not proline, could have contributed to the robust 
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increase in glucagon concentration observed after gelatin in- 
gestion. 3 

Of interest from a mechanistic perspective, the attenuation in 
glucose response was greater after glycine ingestion with glu- 
cose than after proline ingestion with glucose even though 
glycine and not proline stimulated an increase in glucagon 
concentration. This is contrary to the traditional concept of 
glucagon and insulin having opposing effects on glucose pro- 
duction in the liver. 15 

Another unexpected finding was that when glucose was 
ingested with proline, it greatly reduced the increase in proline 
concentration observed when proline was ingested alone (Fig 
1). This must have been due to a decreased absorption rate or 
increased removal rate or both. The present data do not allow 
us to choose between these possibilities. Because glucose, 
when ingested alone, did not affect the proline concentration, 
most likely the simultaneous ingestion of glucose with the 
proline affected the absorption rate. Nevertheless, this remains 
to be documented. The decrease in leucine, isoleucine, and 
valine concentrations, which occurred after glucose or after 
glucose with proline ingestion, was as expected with an in- 
crease in insulin concentration. 16 

It also is of interest that proline, when ingested alone, de- 
creased the subjects desire to eat and increased their sense of 
fullness (Table 2). However, on average, they ate more after the 
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study than when they ingested water, glucose, or glucose with 
proline. The explanation for this is uncertain. 

In the future, it will be of interest to determine if the 
hydroxylated prolines affect the circulating glucose, insulin, or 
glucagon concentrations. It also will be of interest to determine 
if there is an additive or even a synergistic effect on blood 
glucose and insulin concentrations when proline and glycine 
are ingested simultaneously in the same molar amounts. In 
addition, whether proline ingestion will reduce the glycine- 
stimulated increase in glucagon just as glucose did, 6 will be of 
interest. Whether the effect of the 2 amino acids can explain the 
additional stimulation of insulin secretion when gelatin was 
ingested with glucose by people with untreated type 2 diabetes 3 
also will be of interest to determine. Finally, it will be of 
interest to determine if proline stimulates food ingestion sig- 
nificantly when a larger number of subjects are studied and 
when the amount of proline ingested is varied. 
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ABSTRACT 

Objective The effects of common servings of commercially 
marketed nutritional protein supplements on blood glu- 
cose and insulin responses were studied in 12 healthy 
men after ingestion of feedings that had varying carbo- 
hydrate and protein compositions. 

Design Fasting subjects consumed a 50-gram glucose 
drink, a white bagel, peanuts, a protein bar, or a protein 
drink in a counterbalanced fashion. 

Setting Subjects rested in a supine position and were not 
disturbed while blood samples were drawn at rest and at 
10-minute intervals during the ensuing 2 hours. 
Results The area under the curve for glucose was greater 
in the glucose drink group vs all treatment groups except 
the white bagel group (P<.05). At 20 to 40 minutes, 
plasma glucose was elevated in the glucose drink group 
vs the peanuts group, the protein bar group, and the 
protein drink group (P<.05). The glycemic response was 
greater in the glucose drink group vs the white bagel 
group at 30 minutes (8.1±0.5 vs 6.5±0.3 mmol/L, respec- 
tively) (P<.05). The area under the curve for insulin was 
lower in the peanuts group vs all treatment groups (P<.05). 
Insulin concentrations peaked at 40 minutes in the glucose 
drink group (285.5 ±18.3 pmol) and was similar in all but 
the peanuts group (130.5 ±14.3 pmol) (P<.05). 
Conclusions A common serving of a commercially available 
protein supplement resulted in a marked insulin response 
with no glycemic response because of the lack of carbohy- 
drate content. Inasmuch as many such supplements similar 
in composition are marketed on the bases of their nutri- 
tional energy benefits, these data underscore the need to 
educate consumers regarding appropriate fuel for exercise 
and nutritional supplement composition. 
J Am Diet Assoc. 2004;104:1800-1804. 
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lf% roper nutritional practices influence our general 
health and physical performance. Carbohydrate is a 
«k primary fuel source for the body, and adequate con- 
sumption is imperative to support prolonged physical 
activity (1,2). Intake of carbohydrate during exercise en- 
hances endurance exercise performance (3); however, re- 
search examining pre-exercise carbohydrate feedings has 
shown that elevated insulin levels in response to the 
carbohydrate causes declines in blood glucose and inhib- 
its lipid mobilization during subsequent exercise in some 
populations (4,5). Similarly, protein consumption has 
also been shown to elicit increases in plasma insulin 
concentrations (6,7). 

To support or improve exercise performance, many in- 
dividuals choose to supplement their diets with nutri- 
tional bars and drinks. Although composition and appro- 
priate application of these supplements vary, most 
products are marketed as nutritional fuel support for 
exercise. Unfortunately, a protein nutritional bar or 
drink containing high amounts of protein and little car- 
bohydrate would not provide fuel for exercise. To the 
contrary, the lack of carbohydrate and the potential in- 
sulin response may impair exercise performance. 

Although glycemic index lists are quite comprehensive 
with regard to foodstuffs (8,9), limited data exist with 
regard to the glycemic and insulinemic responses to com- 
mon servings of many food supplements, such as protein 
nutritional bars and drinks (10). We have evaluated the 
glucose and insulin response to a 50-g glucose feeding, a 
high— glycemic-index food (white bagel) and a known low— 
glycemic-index food (peanuts), and a solid (protein bar) 
and a liquid protein (protein drink) supplement. Based on 
previous literature, we hypothesized that common serv- 
ings of protein supplements would return insulin re- 
sponses similar to those from high-carbohydrate intake 
and, furthermore, that these metabolic responses would 
clearly show the lack of carbohydrate availability, thus 
contradicting the energy content claims made by many 
protein supplement manufacturers. 

METHODS 
Subjects 

Twelve healthy, nondiabetic male subjects from the local 
college population participated in the study (Table 1). The 
University Human Subjects Institutional Review Board 
approved this study. All participants were informed re- 
garding the purposes of the research and gave written 
informed consent before participation in the experimen- 
tal trials. 
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Table 1. Physiological characteristics of subjects surveyed for 
glycemic and insulinemic responses to protein supplements 

Age 27±1 y 

Weight 75±3 kg 

Body fat 14±3 % 



Physiological Characteristics 

On the first visit to the laboratory, the subject's height, 
weight, and body composition were measured. After void- 
ing of urine, subjects were weighed without shoes and 
wearing shorts and a t-shirt. Body composition was mea- 
sured using air-displacement plethysmography. 

Experimental Trials 

Subjects reported to the laboratory on five separate occa- 
sions, each separated by at least 72 hours. Subjects were 
in a 12-hour fasted state and had not participated in 
strenuous exercise during the preceding 24 hours. Sub- 
jects were instructed by senior researchers to keep a 
detailed 24-hour dietary record and to repeat this diet 
before each of the successive experimental trials. Dietary 
control for 24 hours before experimental trials in addition 
to the 12-hour fast were performed to attempt to further 
reduce basal blood metabolite variations within subjects. 
Because we were more concerned with diet duplication 
than diet composition, no analyses were performed on the 
subjects' pretrial food consumption. 

On reporting to the laboratory, a 20-g flexible Teflon 
catheter was inserted into a forearm vein. The catheter 
was kept patent with a 0.9% sterile saline drip (<1 mL/ 
min). A resting blood sample was drawn. After the first 
blood sample, the subject consumed the prescribed feed- 
ing. Feedings were assigned in a counterbalanced fash- 
ion, and subjects were allowed 2 minutes to consume the 
feeding. Subsequent blood samples (3 mL) were drawn at 
10, 20, 30, 40, 50, 60, 75, 90, and 120 minutes. During the 
testing period, subjects rested quietly in the supine posi- 
tion. Subjects were not allowed to sleep during the treat- 
ments or to rise from the examination table until after the 
last blood sample was collected. Standard lighting and a 
curtain drawn around the examination table minimized 
external stimuli. 

Blood Analyses 

Blood samples were stored in test tubes and kept in an ice 
slurry throughout experimental trials. After the trial, 
blood samples were centrifuged and the plasma was sep- 
arated and stored at — 80°C until analysis. Plasma glu- 
cose concentrations were analyzed in triplicate using 
spectrophotometric techniques with prepared kits 
(Sigma, St Louis, MO), and a human insulin-specific en- 
zyme-linked immunosorbent assay (Crystal Chem, Chi- 
cago, IL) was used to assess plasma insulin concentra- 
tions. 

Nutritional Treatments 

In an attempt to mimic the likely food intake of consum- 
ers, serving design took into account an anticipated corn- 



Table 2. Nutrient content of feedings for subjects surveyed for 
glycemic and insulinemic responses to protein supplements 

Carbohydrate (g) Protein (g) Fat (g) 



50 g glucose 50 0 0 

Bagel 49 7 2.5 

Peanuts 6 8 14 

Solid protein bar 3 29 6 

Liquid protein drink 2 15 4 



mon serving based on packaging, energy content, and 
total feeding volume (Table 2). Total energy content for 
glucose in the glucose drink, white bagel, peanuts, pro- 
tein bar, and protein drink were 200, 240, 240, 250, and 
220 kcal, respectively. The glucose drink trial was in- 
cluded to provide a benchmark glucose and insulin re- 
sponse for comparison. This feeding design prevented 
establishing a glycemic index for any of the foodstuffs, but 
allowed for examining metabolic responses to normal food 
intake. 

Statistical Analyses 

The study used a factorial 5x10 design with repeated 
measures on the second factor. The first factor was nu- 
tritional treatment, and the second was time. The re- 
sponse variables were glucose and insulin concentrations. 
SAS proc mixed was used to test for main effects, inter- 
actions, and simple effects. In addition, total concentra- 
tion of glucose and insulin in time (area under the curve 
[AUC]) for each nutritional treatment was calculated, 
and results were compared using a one-way analysis of 
variance. In the event of significant effects, a Tukey post- 
hoc analysis was used to make pair-wise comparisons to 
locate significant differences. The level of statistical sig- 
nificance was set at Ps.05. All values are reported as 
mean ± standard error. 

RESULTS 

Glucose Response 

In the glucose drink group, plasma glucose concentra- 
tions were elevated above baseline at 10, 20, 30, and 40 
minutes (Figure 1). They returned to baseline levels and 
were not different from fasting levels from 50 to 120 
minutes. Plasma glucose values in the white bagel group 
were elevated above baseline only at 30 and 40 minutes 
after the feeding. Similar to the glucose drink group, 
plasma glucose levels declined to baseline at 50 minutes 
and remained there through 120 minutes. In all other 
trials, plasma glucose concentrations did not deviate from 
baseline levels during the entire sampling period. 

When comparing glucose values between trials, signif- 
icant elevations were seen in the glucose drink group at 
20, 30, 40, and 50 minutes vs the peanuts group, the 
protein bar group, and the protein drink group (Figure 1). 
Likewise, blood samples during the white bagel trial 
showed higher glucose levels when compared with the 
protein drink trial at 40, 50, and 60 minutes. AUC for the 
glucose drink trial was greater than for all trials except 
the white bagel trial (P=.08) (Table 3). 
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Figure 1. Plasma glucose concentrations over a 2-hour period after 
various feedings: a, different from the white bagel group; b, different 
from the peanuts group; c, different from the protein bar group; d, 
different from the protein drink group. P<.05. GLU, 50 g glucose; 
HiG, bagel; LoG, peanuts; ProB, solid protein bar; ProD, liguid protein 
drink. 



Table 3. Area under the curve for plasma glucose and insulin in 


subjects taking protein supplements 3 




Feeding 


Plasma glucose 


Plasma insulin 


50 g glucose 


100 


100 


Bagel 


61 


91 


Peanuts 


3 b 


57 b 


Solid protein bar 


1 b 


90 


Liquid protein drink 


10 b 


88 


a Values are percents of glucose. 






less than glucose, P<,05 







Insulin Response 

The glucose drink group, the protein bar group, and the 
protein drink group plasma insulin concentrations were 
elevated above baseline from 10 through 60 minutes 
(P<.05) (Figure 2). Insulin values in the white bagel 
group exceeded baseline from 30 to 75 minutes, whereas 
there was no change in insulin concentrations in the 
peanuts group. Plasma insulin had returned to near base- 
line by 90 minutes in all trials. 

By 20 minutes, plasma insulin values in the glucose 
drink group were significantly greater than in the white 
bagel group and the peanuts group, and remained greater 
than in the peanuts group through 60 minutes (P<.05). 
Insulin concentrations in the peanuts group were lower 
than those measured in the white bagel group, the pro- 
tein bar group, and the protein drink group at various 
time points from 20 through 75 minutes (Figure 2). Anal- 
yses of insulin AUC showed that the glucose drink trial 
was similar to all trials with the exception of the peanuts 
trial (AUC = 57% of the glucose drink group) (Table 3) 
(P<.05). 



Sampling time (min) 

Figure 2. Plasma insulin concentrations over a 2-hour period after 
various feedings: a, different from the glucose drink group; b, different 
from the white bagel group; c, different from the protein bar group; d, 
different from the protein drink group. P<.05. GLU, 50 g glucose; 
HiG, bagel; LoG, peanuts; ProB, solid protein bar; ProD, liquid protein 
drink. 



DISCUSSION 

Insulin mediates glucose and amino acid uptake in the 
cells. When fed carbohydrate, normal healthy individuals 
will respond with increases in plasma glucose and a con- 
comitant elevation in plasma insulin concentrations (1). 
Similarly, the ingestion of a protein-rich meal will elicit 
insulin release from the pancreas (6). This study com- 
pared the glycemic and insulinemic responses of four 
different feedings with a 50-g oral glucose load over a 
2-hour period. 

In our subjects, a normal glucose response was ob- 
served after consumption of feedings containing signifi- 
cant amounts of carbohydrate (Figure 1). Furthermore, 
significant increases in plasma insulin concentrations 
were measured in response to the carbohydrate and pro- 
tein supplement treatments (Figure 2). Inasmuch as sim- 
ilar protein supplements on the market are labeled as 
energy bars and may be accompanied by suggestions for 
consumption before, during, and/or after exercise, these 
normal and expected metabolic responses should be con- 
sidered when consuming such supplements. 

Consumption of a liquid or solid carbohydrate feeding 
causes an increase in plasma glucose concentrations (1). 
While at rest, the body will regulate this elevation in 
glucose with the release of insulin to facilitate glucose 
uptake into the cells and return plasma glucose concen- 
trations to homeostatic levels. The glycemic response in 
the glucose drink group is consistent with data presented 
in the scientific literature (Figure 1). Likewise, glucose 
AUC values for the white bagel and the peanuts trials are 
comparable with those seen in other normal, healthy 
subjects (Table 3). As was expected, the nutritional sup- 
plement trials containing low amounts of carbohydrate 
(peanuts, protein bar, and protein drink) showed glucose 
AUC values significantly lower than in the glucose drink 
trial. 

Insulin is responsible not only for stimulating uptake of 
glucose, but also for the movement of amino acids from 
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the blood stream into the cells (11); hence, the secretion of 
insulin from the pancreas increases in response to oral 
carbohydrate and protein loads (7). In the present study, 
plasma insulin concentrations increased after all feeding's 
with the exception of the peanuts (Figure 2). As expected, 
a rapid insulin response was seen in the glucose drink 
group. Likewise, the protein drink trial produced an in- 
sulin response similar to that in the glucose drink trial. 
The protein drink contained 30 g protein and only 8 g 
carbohydrate. This type of insulin response is consistent 
with that previously reported in the literature. In fact, 
the plasma insulin response to a 50-g carbohydrate load 
and a 50-g protein load have been shown to be similar (6). 

It has been shown that when elevated insulin concen- 
trations are present at the onset of exercise, there is an 
exponential increase in muscle glucose uptake. This is 
the result of the synergistic effect of insulin and contrac- 
tion-mediated stimulation of glucose transport protein 4 
translocation (12). This metabolic situation may result in 
sharp declines in blood glucose concentrations to near 
hypoglycemic levels at the beginning of exercise, and has 
been implicated in reductions in endurance exercise per- 
formance (5,13). The protein supplements studied in this 
investigation, if consumed before exercise, would likely 
cause an increase in plasma insulin and possibly elicit 
exceptionally low blood glucose values during the early 
stages of exercise. This potential metabolic impact is 
noteworthy for consumers. 

Product packaging and the accompanying nutritional 
information influences consumers' beliefs and choices 
(14-16). Information contained on nutritional supplement 
packaging puts forth the concepts of sports and energy, 
whether overtly stated or subtly implied. Many nutri- 
tional supplements may use generic terms such as 
"sports" or "energy" to describe the food product; however, 
interpretation of these descriptors is left to the consumer 
(17). Consumers seeking nutritional support for endur- 
ance performance would be unwise to select a supplement 
largely intended to provide additional protein to support 
muscular adaptation. In fact, there is real potential for 
ergolytic effects. 



CONCLUSION 



Limitations of this study include small sample size, thereby 
affecting generalizability of results. Also, only male partic- 
ipants were involved, and they were not physically active. 
Impaired glucose tolerance was not addressed, but remains 
an important consideration in these studies. 

In summary, the findings of this investigation show 
that insulinemic responses to consuming ~30 g protein in 
a liquid or solid nutritional supplement are similar to 
those after a 50-g oral glucose load. Although the utility of 
nutritional bars and drinks to provide additional protein 
in the diet is not questioned, the intake of supplements 
such as these when marketed as a sport or energy sup- 
plement may have negative implications for exercise per- 
formance for the uninformed consumer. These data sup- 
port the need for increased accuracy in product packaging 
and marketing, as well as consumer education to encour- 
age appropriate selection of nutritional supplements. 

Individuals may choose to supplement their diets with 
nutritional bars and drinks in an attempt to support the 



energy demands of exercise or to enhance physiologic 
adaptation. An understanding of the composition and 
subsequent metabolic effects of nutritional supplements 
will make an individual a more critical and competent 
consumer. The current data are intended to assist nutri- 
tion professionals when educating individuals regarding 
nutritional supplement selection and application, specif- 
ically, that lay individuals may be able to determine the 
appropriate application of a nutritional supplement on 
the bases of actual nutrient content, as opposed to prod- 
uct packaging descriptions. 



This research was funded by a grant from Experimental 
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APPLICATIONS 



Feeding the Athlete 

Competitive and recreational athletes are always 
looking for ways to improve their performance. In- 
dividualizing a plan of adequate fuel, fluids, and 
nutrients to assist them in doing their best can be a 
challenging task for dietetics professionals. The use of 
sport supplements and their perceived value by the ath- 
lete may increase this challenge. In a recent survey of 
university student athletes, Burns and colleagues showed 
that 88% used one or more nutritional supplements (1). 
With thousands of products available in stores or on the 
Internet, questioning the athlete as to the type of supple- 
ment used and its specific nutrients is a must for an 
informed counseling session. All nutrition recommenda- 
tions for athletes should be based on current scientific 
data and the needs of athletes as individuals (2). 

In the previous article, researchers Parcell and col- 
leagues studied the effects of five different food items on 
12 male college students. The glycemic and insulin re- 
sponse to glucose, a bagel, peanuts, and both protein 
drink and a protein bar supplement were then monitored. 
The peanuts and protein supplements, which were lowest 
in carbohydrates, performed as expected, with signifi- 
cantly lower glycemic response than the glucose or bagel. 
Of note, plasma insulin concentrations rose following all 
feedings except that of the peanuts. The authors state 
that this type of insulin response on normoinsulinemic 
subjects is consistent with studies previously reported 
(3). This insulin response is also seen in persons with 
controlled type 2 diabetes. As presented in Franz and 
colleagues, "ingested protein does not increase plasma 
glucose concentrations, although protein is just as potent 
a stimulant of insulin secretion as carbohydrate" (4). 

This research reinforces the need for educating our clients 
on the types of supplements they are taking — whether they 
are sports, herbal, vitamin, or low-carbohydrate supple- 
ments — and giving them informed choices on continuing 
usage based on their desired outcome. Dietetics profession- 
als must encourage patients to bring in actual labels of 
supplements they are taking. This will allow the focus to be 

This article was written by Andrea V. Dunn, RD, ad- 
vanced practitioner at The Cleveland Clinic Foundation, 
Westlake Family Health Center, Cleveland, OH. 
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placed on the ingredient list and Nutrition Facts label and 
not on the promised advertising or label hype. 

Athletes need to adopt a healthful diet to achieve maxi- 
mum performance. For dietetics professionals working with 
a variety of patients, such as those in an outpatient general 
practice, the knowledge needed to work with athletes may 
be considered skills only required by those specializing in 
sports nutrition. Basic sports nutrition knowledge is vital 
because all clients — pediatric or adult — should be encour- 
aged to be "athletes" and exercise as part of a healthful 
lifestyle. Sports nutrition continuing education should be 
included in all portfolios as needed. There is a unique re- 
source called the Performance Challenge Program available 
to assist dietetics professionals in delivering updated infor- 
mation on nutrition, hydration, and supplements. This is a 
no-cost program available through the American Dietetic 
Association (ADA) Web site (www.eatright.org). Other ADA 
resources for enhancing sports professional development 
exist through the Sports, Cardiovascular, and Wellness Nu- 
tritionists (SCAN) dietetic practice group (www.scandpg. 
org) or Sports Nutrition: A Guide for the Professional Work- 
ing with Active People (3rd edition, 1999), available through 
the ADA. 
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Summary: Protein-rich meals stimulate secretion of insulin, glucagon, and pan- 
creatic polypeptide (PP) from the endocrine pancreas. On the one hand, this is 
due to increased levels of circulating amino acids, and, on the other, neural 
and/or endocrine factors can contribute to activation of islet cell function. The 
present study was designed to determine, first, pancreatic endocrine function 
and postprandial amino acid levels after a protein and a protein-carbohydrate 
meal and second, insulin, glucagon, and PP levels during infusion of amino acid 
mixtures that imitate the postprandial amino acid pattern. In healthy volun- 
teers the ingestion of a protein-rich meal (300 g tenderloin steak) elicited within 
1 h an increase of virtually all amino acids by 20-400 u,mol/L above basal 
values. The infusion of two different amino acid solutions available for use in 
humans showed that Aminosteril-N-Hepa (AS) was better for the imitation of 
the so-called "insulinogenic" amino acids while Aminoplasmal L-10 (AP) gave 
more comparable plasma levels of the "glucagonogenic" amino acids. Both 
solutions were not able to imitate the postprandial amino acid pattern com- 
pletely. With regard to insulin levels, both solutions gave a comparable in- 
crease, while AP but not AS stimulated glucagon and PP levels. This suggests 
that circulating amino acids may be responsible for 60% of the postprandial 
insulin response after a protein meal, while their contribution to glucagon 
release can only be roughly estimated at 30-60%. The contribution of circu- 
lating nutrients to the greater insulin response after the protein-carbohydrate 
meal was comparable (60%), while the attenuated glucagon response can be 
ascribed almost completely to the effect of circulating nutrients. In conclusion, 
the present data demonstrate that the composition of amino acid mixtures is as 
yet not ideal for a complete imitation of the postprandial amino acid pattern. 
The insulin, glucagon, and PP response depends on the amino acid mixtures 
and accordingly the respective plasma amino acid concentrations obtained 
during infusion studies. The adequate imitation of plasma amino acid levels is 
of critical importance for the evaluation of absorbed and circulating amino acid 
effects in the postprandial state. Key Words: Insulin — Glucagon — Pancreatic 
polypeptide — Amino acid mixtures. 



The ingestion of a mixed meal stimulates the re- 
lease of insulin, glucagon, and pancreatic polypep- 
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tide (PP) from the islets of Langerhans. This post- 
prandial increase of pancreatic endocrine function 
is due to the increase of intestinal hormone secre- 
tion in combination with the stimulatory action of 
increasing levels of circulating nutrients such as glu- 
cose and amino acids. For PP but not insulin re- 
lease, cephalic mechanisms are also of substantial 
importance (1-4). Gut factors have been suggested 
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to augment not only the insulin response after car- 
bohydrate meals (5-8) but also that following the 
ingestion of protein-rich meals (9) so that the insulin 
stimulatory action of absorbed and circulating 
amino acids (10) is increased by intestinal hor- 
mones. 

Protein meals stimulate not only insulin but also 
glucagon release (11), and it has been shown that 
circulating amino acids and gastrointestinal hor- 
mones can act both separately and synergistically 
on glucagon release (12-15), although this has been 
the subject of some debate (16). 

With regard to the effects of amino acids on pan- 
creatic endocrine function, it has been shown that a 
large number of the various amino acids normally 
present in the circulation stimulate insulin and glu- 
cagon release in vitro (17-20) and also in vivo 
(10,12-15,21,22). In contrast to studies with glu- 
cose, the range of physiological perturbations of the 
various amino acids is virtually unknown. There- 
fore, it is difficult to decide if those effects observed 
during the infusion of fairly high doses of single 
amino acids or mixtures reflect physiological or 
pharmacological effects unless plasma levels of the 
respective amino acids are determined. This is im- 
portant to consider since the various amino acids 
have a different stimulatory action on insulin (10,22) 
and glucagon (21) release when compared on an 
equimolar or weight basis. Thus, the relative in- 
crease of predominantly glucagon-stimulating 
amino acids such as asparagine, glycine, phenylal- 
anine, serine, and aspartate (21) or, on the other 
hand, that of predominantly insulin-stimulating 
amino acids such as tryptophan, leucine, aspar- 
agine, isoleucine, and glutamine (10,21) could lead 
to a misinterpretation of the role that amino acids 
play as physiological stimuli of postprandial insulin 
and glucagon release. 

Therefore, the present study was designed to de- 
termine, first, insulin, glucagon, PP, and postpran- 
dial amino acid levels after a protein or a protein- 
carbohydrate meal and second, insulin, glucagon, 
and PP levels during infusion of amino acid mix- 
tures that imitate most adequately the postprandial 
amino acid pattern. 

MATERIALS AND METHODS 

Experimental subjects 

The studies were performed in 14 healthy male 
subjects aged 19-35 years who were within 10% of 
ideal body weight. All subjects gave their informed 
written consent prior to the experiments. 



Ingestion of test meals 

After an overnight fast, nine subjects ingested 
within 15 min a protein-rich meal consisting of 300 g 
tenderloin pork meat (protein-rich meal) together 
with 200 ml of water. Blood samples were obtained 
from a forearm vein via an indwelling catheter be- 
fore and at various time points thereafter for 240 
min. On another day the same individuals ingested 
a meal consisting of 300 g tenderloin pork meat and 
50 g of bread together with 20 g glucose dissolved in 
200 ml of water (protein-carbohydrate meal). The 
protein and fat content of the meat meal was 54 and 
30 g, respectively. 

Intravenous infusion studies 

After an overnight fast, the subjects received on 
separate days in randomized order with at least a 
1-day interval infusions of saline (2 ml/min), glucose 
(0.2 g/min), mixed amino acids [Aminoplasmal L-10 
10% (AP), 2.0 ml/min, or Aminosteril-N-Hepa 8% 
(AS), 2.5 ml/min], or a combination thereof. The 
composition of the amino acid solutions is shown in 
Table 1. 

The following test protocols were examined: sa- 
line, glucose, AP, AS, AP 4- glucose, and AS + 
glucose. 

Not all the test protocols were performed in the 
same subjects. However, care was taken that the 
test protocols necessary for a direct comparison 
were performed in the same individual. The number 
of subjects receiving the same infusion protocols 
required for an intraindividual comparison of the 
effects is indicated in the text and in the legends to 
the figures. 



TABLE 1. Amino acid composition of the two test 
solutions employed 





Aminoplasmal L-10 


Aminosteril- 




(g/L) 


N-Hepa 8% (g/L) 


Lysine 


7.00 


9.71 


Valine 


4.80 


10.08 


Leucine 


8.90 


13.08 


Arginine 


9.20 


10.72 


Isoleucine 


5.10 


10.40 


Threonine 


4.10 


4.40 


Proline 


8.90 


5.73 


Alanine 


13.70 


4.64 


Glutamic acid 


4.60 




Tryptophan 


1.80 


0.70 


Ornithine-HCl 


3.20 




Serine 


2.40 


2.24 


n-Acetyl-tyrosine 


1.23 




Tyrosine 


0.30 




Histidine 


5.20 


2.80 


Methionine 


3.80 


1.10 


Phenylalanine 


5.10 


0.88 


Glycine 


7.90 


5.82 


Aspartic acid 


1.30 




Cysteine-HCl 


0.73 


0.52 
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Blood sampling and hormone assay 

Blood samples were obtained from a contralateral 
forearm vein via an indwelling catheter and col- 
lected into tubes containing 3 mg EDTA and 1 ,000 
klU Trasylol. All samples were kept chilled in an 
ice bath until centrifugation at 2,000 rpm for 15 min 
at 4°C. The separated plasma was stored at -20°C 
until time of assay. 

Plasma insulin (23) and glucagon (24) were deter- 
mined as described elsewhere. Antibody 30K for 
glucagon measurements was generously provided 
by Dr. R. H. Unger (Dallas, TX, U.S.A.). PP levels 
were determined as described previously (25). Stan- 
dard human pancreatic polypeptide (hPP) and rab- 
bit anti-hPP serum were a generous gift from R. E. 
Chance (Lilly Research Lab., Indianapolis, IN, 
U.S.A.). 

For statistical comparison between the mean of 



the baseline values and subsequent time points dur- 
ing stimulation by food or intravenous infusions, 
analysis of variance for multiple determination was 
employed and p values of =s0.05 were considered 
significant. 



RESULTS 

Effect of a protein-rich meal 

In nine subjects the ingestion of the protein-rich 
test meal elicited within 30-45 min a significant in- 
crease of the plasma levels of all 21 amino acids 
measured in the present study (Table 2). Most 
amino acids remained elevated for the entire exper- 
imental period of 240 min. The hormonal response 
to the test meal is shown in Fig. 1 . Insulin rose from 
a mean basal level of 5 jjiU/ml to a peak level of 16 



TABLE 2. Effect of a protein-rich test meal consisting of 300 g tenderloin pork meat on plasma amino acid 
concentrations (\LmollL) in nine subjects (means ± SEM) 



Amino 



acid 


-20 


- 10 


0 


15 


30 


45 


60 


75 


90 


105 


120 


150 


180 


210 


240 


Lysine 


191 


191 


178 


208 


256 


347 


349 


472 


506 


548 


554 


595 


557 


346 


352 


± 26 


± 30 


± 25 


± 32 


± 48 


± 78 


± 69 


± 116 


± 117 


± 115 


± 101 


± 119 


± 97 


± 22 


± 23 


Leucine 


152 


158 


147 


154 


169 


253 


267 


340 


380 


418 


403 


507 


494 


372 


400 




± 13 


± 18 


± 14 


± 17 


± 22 


± 54 


± 51 


± 67 


± 77 


± 59 


± 67 


± 79 


± 61 


± 34 


± 38 


Valine 


256 


253 


250 


266 


298 


358 


378 


426 


456 


489 


543 


603 


600 


453 


500 




± 28 


± 25 


± 26 


± 28 


± 41 


± 55 


± 54 


± 73 


± 80 


± 61 


± 76 


± 82 


± 73 


± 35 


± 42 


Isoleucine 


86 


77 


79 


79 


100 


136 


150 


194 


214 


244 


271 


297 


293 


229 


257 




± 7 


± 6 


± 6 


± 6 


± 12 


± 23 


± 26 


+ 33 


± 39 


± 34 


± 34 


± 39 


± 29 


± 21 


± 27 


Proline 


178 


174 


175 


240 


266 


271 


298 


290 


258 


287 


338 


373 


288 


328 


189 




± 20 


± 11 


± 18 


± 25 


± 23 


± 26 


± 22 


± 24 


± 24 


± 28 


± 22 


± 32 


± 27 


± 31 


± 28 


Arginine 


96 


88 


93 


103 


132 


162 


195 


228 


251 


261 


274 


289 


264 


188 


194 


± 11 


± 8 


± 10 


± 13 


± 22 


± 40 


± 29 


± 47 


± 55 


± 39 


± 44 


± 49 


± 36 


± 19 


± 16 


Glutamine 


367 


438 


460 


525 


565 


595 


599 


616 


616 


623 


624 


625 


622 


447 


453 




± 97 


± 89 


± 85 


± 75 


± 83 


± 90 


± 89 


± 86 


± 84 


± 83 


± 82 


± 81 


± 79 


± 23 


± 24 


Threonine 


142 


144 


146 


175 


205 


289 


216 


243 


276 


278 


299 


299 


286 


209 


193 




± 16 


± 20 


± 21 


± 40 


± 52 


± 87 


+ 33 


± 38 


+ 38 


± 31 


± 40 


± 36 


± 31 


± 16 


± 13 


Alanine 


360 


359 


361 


370 


433 


480 


486 


508 


489 


507 


499 


489 


455 


358 


403 




± 30 


± 34 


± 34 


± 25 


±42 


± 57 


±45 


±47 


± 40 


± 40 


± 39 


± 33 


± 32 


± 22 


± 49 


Taurine 


109 


102 


109 


136 


148 


170 


174 


185 


192 


177 


168 


155 


179 


212 


237 




± 23 


± 18 


± 16 


± 22 


± 18 


± 25 


± 21 


± 25 


± 31 


± 26 


± 17 


± 18 


± 28 


± 26 


± 19 


Glutamic acid 


67 


65 


65 


99 


112 


123 


131 


147 


166 


158 


179 


159 


157 


87 


98 




± 11 


+ 18 


± 17 


± 40 


± 34 


± 38 


± 36 


± 32 


± 30 


± 35 


± 44 


± 27 


± 34 


± 9 


± 9 


Tryptophan 


54 


60 


66 


65 


69 


80 


81 


93 


103 


104 


115 


149 


125 


74 


79 


± 13 


± 15 


± 16 


± 15 


± 17 


± 22 


± 20 


± 25 


± 29 


± 26 


± 27 


± 41 


± 25 


± 13 


± 15 


Histidine 


83 


80 


80 


84 


109 


147 


140 


162 


163 


168 


163 


163 


145 


100 


100 




± 10 


± 9 


± 11 


± 12 


± 18 


± 26 


± 21 


± 28 


± 28 


± 24 


± 24 


± 26 


± 21 


± 6 


± 8 


Glycine 


258 


242 


266 


274 


304 


325 


338 


342 


337 


332 


322 


314 


288 


220 


246 


± 19 


± 23 


± 29 


± 33 


± 37 


± 52 


± 38 


± 33 


± 36 


± 23 


± 28 


± 24 


± 21 


± 18 


± 38 


Serine 


119 


120 


122 


131 


146 


169 


165 


181 


191 


195 


206 


197 


187 


140 


136 




± 11 


± 11 


± 14 


± 15 


± 21 


± 29 


± 18 


± 27 


± 28 


± 19 


± 26 


± 11 


± 17 


± 10 


± 13 


Tyrosine 


78 


83 


81 


79 


86 


102 


92 


117 


124 


151 


157 


165 


163 


127 


138 


± 6 


± 7 


± 12 


± 8 


± 10 


± 14 


± 16 


± 19 


± 22 


± 27 


± 19 


± 21 


± 18 


± 17 


± 18 


Ornithine 


76 


81 


60 


67 


85 


109 


93 


119 


119 


134 


143 


160 


160 


113 


121 




± 10 


± 13 


± 10 


± 11 


± 12 


± 18 


± 14 


± 26 


± 21 


± 23 


± 25 


± 26 


± 25 


± 8 


± 14 


Methionine 


35 


30 


33 


30 


39 


58 


65 


78 


72 


69 


86 


95 


90 


78 


78 




± 4 


± 2 


± 3 


± 5 


± 2 


± 8 


± 12 


± 12 


± 12 


± 19 


± 10 


± 10 


± 8 


± 9 


± 12 


Asparagine 


50 


52 


51 


50 


58 


72 


81 


97 


101 


158 


179 


159 


157 


87 


98 


± 5 


± 4 


± 6 


± 5 


± 7 


± 13 


± 12 


± 13 


± 16 


± 35 


± 44 


± 27 


± 34 


± 9 


± 9 


Phenylalanine 


50 


56 


55 


55 


51 


74 


71 


84 


83 


102 


89 


103 


98 


78 


79 




± 7 


± 5 


± 6 


± 6 


± 8 


± 11 


± 10 


± 11 


+ 12 


± 18 


± 14 


± 12 


± 10 


± 11 


± 11 


Aspartic acid 


7 


6 


6 


9 


9 


12 


15 


16 


23 


20 


24 


23 


25 


26 


22 


± 1 


± 1 


± 1 


± 1 


± 1 


± 2 


± 2 


± 3 


± 3 


± 2 


± 3 


± 9 


± 8 


± 5 


± 5 
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I MEAL > — ■— Protein/Carbohydrate 

' — — — Protein-rich 

o 
E 




-20 6 30 60 90 120 150 180 210 240 



MINUTES 

FIG. 1. Effect of a protein-rich or a protein-carbohydrate meal 
on peripheral vein plasma insulin (IRI), glucagon (IRG), pancre- 
atic polypeptide (PP), and glucose levels in nine subjects (means 
± SEM). 



± 3 (xU/ml within 60 min, decreasing thereafter to- 
ward baseline. The incremental insulin response 
was 76.5 ± 8 (xU/240 min. Glucagon levels in- 
creased from 270 ± 30 to 550 ± 60 pg/ml at 90 min, 
remaining at this plateau until the end of the exper- 
iment. The incremental glucagon response was 
2,609 ± 274 pg/240 min. PP was released from a 
baseline of 45 ± 10 to 300 ± 25 pg/ml within 15 min, 
decreasing thereafter slightly by 100 pg/ml and in- 
creasing again to a plateau of 325 pg/ml for the rest 
of the observation period. The incremental PP re- 
sponse was 2,857 ± 270 pg/240 min. Plasma glucose 
levels remained between 3.9 and 4.2 mmol/L 
(Fig. 1). 

Effect of intravenous amino acids on plasma amino 
acid levels 

In eight subjects two different amino acid mix- 
tures were applied. With each solution a different 



pattern of circulating amino acids was obtained 
(Fig. 2). 

During the infusion of AP at 2 ml/min, it was not 
possible to reach the postprandial levels of lysine, 
leucine, valine, isoleucine, taurine, glutamic acid, 
tryptophan, or tyrosine, while proline, arginine, 
glutamine, threonine, histidine, serine, ornithine, 
methionine, asparagine, phenylalanine, and aspar- 
tic acid were in the range of the postprandial levels 
(Fig. 2). Alanine and glycine, however, were ap- 
proximately twice the postprandial levels. With the 
other infusion mixture (AS), postprandial amino 
acid levels of leucine, valine, isoleucine, proline, 
arginine, threonine, and alanine were well imitated. 
With the exception of glycine, which was too high, 
all the other amino acids were below the postpran- 
dial range (Fig. 2). 

Effect of intravenous amino acids on hormone levels 

AP stimulated plasma insulin from 8 ± 0.5 w>U/ml 
to a peak of 12 ± 1 p-U/ml within 20 min after onset 
of the infusion (Fig. 3). Glucagon levels increased 
from 195 ± 15 to 325 ± 32 pg/ml within 80 min (p < 
0.01) and remained elevated until the end of the 
experiment. PP levels rose significantly from 70 ± 8 
pg/ml to a maximum of 160 ± 20 pg/ml at the end of 
the infusion period (p < 0.01). Plasma glucose lev- 
els were constant at 4.5 mmol/L throughout the in- 
fusion period (Fig. 3). During the infusion of AS, 
insulin rose from a mean basal value of 9.5 ± 0.7 
|xU/ml to a peak of 16 ± 2 ji-U/ml at 20 min. Basal 
glucagon levels averaged 205 ± 25 pg/ml and in- 
creased to 275 ± 25 pg/ml at 60 min (p < 0.05). PP 
levels showed a small increase from 85 ± 9 to 130 ± 
20 pg/ml. This increase, however, was not statisti- 
cally significant. Plasma glucose levels remained at 
4.3 mmol/L (Fig. 3). While the effect of both amino 
acid solutions was fairly similar on insulin levels, 
AP elicited a more pronounced elevation of gluca- 
gon and PP compared with the effect of AS. During 
the infusion of saline, there was no change of insu- 
lin, glucagon, PP, or glucose levels (Fig. 3). 

Effect of a combined protein-carbohydrate meal 

Nine subjects ingested a meal consisting of 300 g 
meat, a slice of bread (50 g), and 20 g glucose dis- 
solved in 200 ml water. After ingestion of the meal, 
insulin rose from a mean basal value of 6 ± 0.5 
ixU/ml to a peak of 43 ± 5 rxU/ml at 30 min, de- 
creasing thereafter gradually to baseline values dur- 
ing the observation period (Fig. 1). The incremental 
insulin response was 166 ± 21 (xU/240 min. Basal 
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TairtM Glutamic Tryptophan Ustidne Glycine 
acid 



UliK.^ let ^1^44 



Tyroaiw Orrtthne Methionine Asparagne Phenyl - Aspa rtic 

acid 



Threonine Alanine Tairine Outamic Tryptophan Histidine Glycine 
acid 



Sonne Tyrosine Ornithine Methionine Asparagine Phenyl- Aspa rtic 

alanine acid 

FIG. 2. Maximal increase of peripheral vein plasma amino acid concentrations (u,mol/L) above the mean baseline level following the 
ingestion of a protein-rich test meal or during intravenous infusion of Aminoplasmal L-10 or Aminosteril-N-Hepa (left) (means ± SEM) 
and maximal increase of peripheral vein plasma amino acid concentrations (u,mol/L) above the mean baseline level following the 
ingestion of a protein-carbohydrate meal or during intravenous infusion of Aminoplasmal L-10 + glucose or Aminosteril-N-Hepa + 
glucose (right) (means ± SEM). 



glucagon levels averaged 225 ±12 pg/ml and rose 
slightly to only 350 ± 10 pg/ml at 180 min compared 
with the rise of glucagon by 300 pg/ml after the pure 
protein meal. The incremental glucagon response 
was 895 ± 103 pg/240 min. Plasma glucose levels 
increased within 30 min of ingestion of the test meal 
and reached a peak value of 5.5 ± 0.7 mmol/L. 
Plasma PP levels rose from a mean baseline of 60 ± 
7 pg/ml to a maximum of 400 ± 60 pg/ml at 30 min 
(Fig. 1). The incremental PP response was 3,214 ± 
365 pg/240 min. The pattern of circulating amino 
acids changed after ingestion of the combined meal 
compared with protein alone. The rise of all the 
amino acids with the exception of alanine was con- 
siderably less as compared with the protein-rich 
meal (Table 3). Although absolute values were 
lower, the relative distribution of the amino acids 
remained fairly identical during the combined test 
meal (Table 3; Fig. 2). 



Effect of intravenous amino acids on plasma amino 
acid levels during simultaneous glucose infusion 

The infusion of AP + glucose resulted in a fairly 
good imitation of the postprandial levels of lysine, 
leucine, valine, isoleucine, glutamine, threonine, 
and aspartic and glutamic acid (Fig. 2). Other amino 
acids such as proline, arginine, alanine, histidine, 
glycine, serine, ornithine, methionine, asparagine, 
and phenylalanine were approximately twice the 
postprandial concentrations (Fig. 2). 

The infusion of AS, which contains more 
branched-chain amino acids and which imitated the 
amino acid pattern of the pure protein meal fairly 
well, elicited a substantial elevation of several 
amino acids above the postprandial range. This in- 
cludes leucine, valine, isoleucine, proline, arginine, 
and glycine (Fig. 2). Furthermore, there was a re- 
duction or at least no elevation of glutamine, ala- 
nine, taurine, glutamic acid, tryptophan, tyrosine, 
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Aminoplasmal-L-10 (2ml/min) 
or Aminosteril-N-Hepa (2.5ml/min) 
or saline 




-20 0 30 60 90 120 150 



FIG. 3. Effect of an intravenous infusion of Aminoplasmal L-10 
(AP), Aminosteril-N-Hepa (AS), or saline on peripheral vein 
plasma insulin (IRI), glucagon (IRG), pancreatic polypeptide 
(PP), and glucose levels in eight subjects (means ± SEM). 

methionine, asparagine, and phenylalanine. It 
should be noted that these amino acids are either 
not at all present or present only in low concentra- 
tions in the amino acid solution employed (Table 1). 

Effect of intravenous amino acids + glucose on 
hormone levels 

The infusion of AP + glucose stimulated insulin 
levels from a basal value of 8 + 0.7 jjiU/ml by max- 
imally 22 ± 2.5 |xU/ml within 30 min (Fig. 4). In 
contrast, the increase of insulin during AS + glu- 
cose was only 16 ± 2 ^U/ml. This difference of 
insulin levels at 30 min was statistically significant 
(p < 0.01) while all other insulin levels were iden- 
tical. Nevertheless, both amino acid mixtures po- 
tentiated the insulin release induced by intravenous 
glucose alone (Fig. 4). During AP + glucose or AS 
+ glucose, the rise of plasma glucagon levels was 
similar as compared with the respective amino acid 
infusions without glucose, except for the first 30- 
min period where glucagon levels were not yet sig- 
nificantly elevated during the combined infusions 
(Figs. 3 and 4). Glucose levels rose initially by 1.1 
mmol/L during both infusion mixtures with a max- 
imum at 30 min, decreasing thereafter toward base- 
line levels (Fig. 4). Glucose alone elicited a similar 



maximal increase of plasma glucose levels at 30 
min; thereafter, they were —0.55 mmol/L higher 
compared with the combined infusion of amino ac- 
ids + glucose (Fig. 4). PP levels rose significantly 
by 40 pg/ml (p < 0.01) during AP + glucose at 110 
and 120 min. 

During AS + glucose, there was no significant 
alteration of PP levels. The apparent increase as 
shown in Fig. 4 was due mainly to three experi- 
ments, while the others remained in the range of the 
baseline. 

DISCUSSION 

The effect of amino acids on insulin and glucagon 
secretion has been evaluated extensively in vitro 
and in vivo. Floyd et al. (10) have demonstrated 
large differences among amino acids in their capac- 
ity to stimulate insulin secretion in humans. Simi- 
larly, Rocha et al. (21) have examined the effect of 
single amino acids on glucagon secretion in dogs, 
showing that asparagine, glycine, phenylalanine, 
serine, and aspartate have the greatest effect on A- 
cell function when compared on a molar basis. In 
these and also in subsequent studies using amino 
acid mixtures to stimulate pancreatic endocrine 
function, plasma amino acid levels during infusion 
were not determined. Thus, circulating amino acid 
levels might have been beyond the range of physi- 
ological perturbations. 

The present study compares for the first time 
postprandial amino acid concentrations during a 
protein meal with those obtained during infusion of 
amino acid mixtures that are available for use in 
humans. No commercially available amino acid 
mixture was suitable to imitate the postprandial 
changes of all amino acids. Considering the major 
insulinogenic amino acids tryptophan, leucine, as- 
paragine, isoleucine, glutamine, and arginine, AS, 
which contains the branched-chain amino acids in 
higher concentrations, gave the better comparison 
for these amino acids than AP. It should be noted, 
though, that some amino acids such as tryptophan 
and asparagine were still considerably below the 
postprandial levels. 

The infusion of AS had no significantly different 
effect on insulin secretion as compared with AP, 
although this might have been expected considering 
the amino acid composition. This might be due to 
the fact that two important insulinogenic amino ac- 
ids (tryptophan, glutamine) are still too low during 
AS infusion and some others, although not that po- 
tent on (3-cell activity, are missing completely. It 
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TABLE 3. Effect of a protein-carbohydrate test meal on plasma amino acid concentrations (pmol/L) in nine subjects 

(means ± SEM) 
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should also be considered that alanine levels were 
substantially elevated during AP infusion, although 
this amino acid is unlikely to compensate for re- 
duced levels of some other amino acids since it is a 
very weak stimulus in vivo and in vitro (18,21). 

Glucagon levels were higher during AP than dur- 
ing AS infusion. The glucagonogenic amino acids 
asparagine, glycine, phenylalanine, serine, and as- 
partate were overall imitated much better during AP 
infusion. Nevertheless, the contribution of circulat- 
ing amino acids to glucagon release during protein- 
rich diets might be overestimated from the present 
studies since the very potent glucagonogenic amino 
acid glycine is extremely elevated to supraphysio- 
logical levels. Furthermore, it should be considered 
that AS contains more isoleucine and leucine, 
which have been reported to inhibit glucagon re- 



lease (21). Thus, the attenuated glucagon response 
to AS as compared with AP might be a combined 
effect of reduced amounts of stimulatory and in- 
creased amounts of inhibitory amino acids. The 
present data suggest that circulating amino acids 
contribute to the postprandial rise of glucagon se- 
cretion probably between 30 and 60%. 

The ingestion of the combined protein- 
carbohydrate meal leads to a greater insulin and an 
attenuated glucagon response compared with pro- 
tein alone. The same shift of hormonal response can 
be observed when amino acids and glucose are in- 
fused together intravenously, which is in agreement 
with earlier reports showing that glucose augments 
aminogenic insulin and prevents aminogenic gluca- 
gon secretion (26,27). For glucagon levels this de- 
crease can be observed during the first 30 min when 



Pancreas, Vol. 4, No. 3, 1989 



312 



R. SCHMIDETAL. 



Aminoplasmal-L-10 (2ml/min)+Glucose 10% (2ml/mirv) 
or 

Aminosteril-N-Hepa (2.5ml/min)+Gliicose 1 0% (2ml/min) 
or Glucose 10% (2ml/min) 
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MINUTES 

FIG. 4. Effect of the combined infusion of Aminoplasmal L-10 
(AP) + glucose (Glc), Aminosteril-N-Hepa (AS) + Glc, or saline 
+ Glc on peripheral vein plasma insulin (IRI), glucagon (IRG), 
pancreatic polypeptide (PP), and Glc levels (means ± SEM, 
n = 9). 

glucose levels are still increased. Thereafter, when 
glucose decreases toward basal values, aminogenic 
stimulation of glucagon is identical. 

The comparison of the effect of intravenous AP 
+ glucose with the postprandial insulin response 
during the combined protein-carbohydrate meal 
shows that circulating substrates contribute with 
60% to the total insulin response. This figure could 
be fairly realistic since postprandial glucose levels 
were matched well during the infusion and the ma- 
jor insulinogenic amino acids with the exception of 
asparagine were also in the postprandial range. In- 
terestingly, the maximal insulin response during AS 
+ glucose was less (43%), although a number of 
amino acids were substantially higher than with AP 
+ glucose. It should be noted, though, that others 
were considerably lower. 

The comparison of the plasma amino acid levels 
when the two amino acid mixtures were given with 
glucose with the effects when given alone demon- 
strates an identical pattern at least for most amino 
acids. In view of the increased plasma insulin levels 
during the combined amino acid and glucose infu- 
sion, one would have expected a reduction of those 
amino acids that are substantially lower in plasma 

Pancreas, Vol. 4, No. 3, 1989 



following the oral administration of carbohydrates 
together with protein (lysine, leucine, valine, iso- 
leucine, proline, arginine, glutamine). However, 
there was no decrease when glucose was given in- 
travenously instead of orally. The reason for this 
remains unclear. It can be speculated that the portal 
vein route of amino acid flux to the liver is of sub- 
stantial importance especially when simultaneously 
ingested carbohydrates augment insulin secretion. 
In analogy to hepatic glucose uptake (28), the portal 
route might be of similar importance for amino acid 
metabolism. 

Apart from circulating nutrients, intestinal hor- 
mones contribute to the stimulation of the endo- 
crine pancreas. This has been shown for the inges- 
tion of carbohydrate-rich meals (5-8) and it has 
been proposed for protein-rich meals. For the latter 
the assumption was based on the application of 
identical quantities of amino acids (9), while a com- 
parison based on circulating amino acid levels has 
not been done. In spite of the still-existing problem 
of incomplete imitation of postprandial amino acid 
levels, the present data suggest that factors other 
than circulating amino acids contribute with 
30-40% to the postprandial rise of insulin irrespec- 
tive of pure protein or combined protein- 
carbohydrate meals. With regard to glucagon secre- 
tion, the contribution of circulating amino acids is 
somewhere between 30 and 60% when compared 
with the glucagon rise after a protein meal. When 
compared with the much lower rise of glucagon dur- 
ing a combined protein-carbohydrate meal, circulat- 
ing amino acids might be responsible for 90-100% of 
glucagon release. 

Food ingestion stimulates not only insulin and 
glucagon but also PP release from the islets of Lang- 
erhans (29). Previously, it has been shown by Floyd 
et al. (29) that circulating amino acids can contrib- 
ute to the postprandial PP response following the 
ingestion of protein-rich meals. On the other hand, 
this effect was not consistent when another amino 
acid solution was employed (30). Our results con- 
firm these earlier observations. With AP but not 
AS, there was a small but significant increase of PP 
levels. This suggests either that the amino acids 
contained in AP but not in AS, such as glutamic 
acid, ornithine, tyrosine, asparagine, or aspartic 
acid, are responsible for the difference or that some 
other amino acids that are more elevated in plasma 
during AS than AP infusion exert a very potent 
stimulatory or even an inhibitory effect on PP re- 
lease. This would require examination of the indi- 
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vidual amino acids. It has been reported that argi- 
nine, leucine, and alanine do not stimulate PP levels 
in humans (29). 

During the infusion of amino acids and glucose, 
PP levels rose similar to the effects observed with 
amino acids alone. Previously intravenous glucose 
has been shown either to be ineffective or to de- 
crease basal plasma PP levels (29-34). It should be 
noted, though, that at the time when PP started to 
rise during application of amino acids + glucose 
(Fig. 4), glucose levels had already returned to basal 
values. The early rise of PP levels at 30 and 60 min 
as observed during AP alone was indeed abolished, 
which coincides with the elevation of plasma glu- 
cose levels at these time points. Insulin is probably 
of minor importance for this interaction since it has 
been shown that insulin has no effect on PP release, 
at least in vitro (35). 

In summary, the present study demonstrates that 
(a) individual amino acids are increased following 
the ingestion of a protein or protein-carbohydrate 
meal; (b) the imitation of postprandial amino acid 
levels by infusion of available amino acid solutions 
for use in humans is as yet not ideal; and (c) solu- 
tions that yield fairly comparable levels of the in- 
sulinogenic amino acids (AS) or the glucagonogenic 
amino acids (AP) have no different effect on insulin 
levels, while AP gives a greater rise of glucagon and 
PP. In conclusion, the present data indicate the im- 
portance of the composition of amino acid solutions 
when the effects on the endocrine pancreas are ex- 
amined with regard to the contribution of circulat- 
ing amino acids to stimulation of postprandial insu- 
lin, glucagon, and PP release. 
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Postprandial glucose and insulin responses to 
various snacks of equivalent carbohydrate 
content in normal subjects 1,2 
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ABSTRACT To evaluate glucose and insulin responses after ingestion of snacks, we ga ve healthy, 
nondiabette mate subjects carbohydrate eqai vatait (25 g) snacks or isocatonc (265 kcsl) snack meals 
in a random crossover design, t individual soacks composed of either a milk chocolate bar, gr&nola 
bar, chocolate milk, peanut butter cups, yogurt, or potato chips produced similar glucose response 
curves. Plasma glucose «mcentratians were tower (p A 0-05) at 30 and 60 rain postprandiaily than 
after a corresponding oral glucose challenge. In contrast, insulin responses to the snacks exhibited a 
two-fold variation in peak, values. Isocslork snack meats of cereal-milk, cheese sandwich-milk., and 
peanut butler sandwkh-chocolate milk produced glucose and insulin responses similar to individual 
snacks. Although glucose concentrations at 60 win fell somewhat below baseline values after each 
Snack, cKaical hypoglycemia was not evident. These data dearly indicate a similarity in g}yc*raic 
response among normal indivKiuais consuming a variety of common snacks. Am J Clin Nw 
1986;43:335-342. 

K£¥ WORDS Glucose response, insulin response, dietary carbohydrate, snacks 



Introduction 

Recent evidence in the literature supports 
the concept that giyoemic responses are influ- 
enced not only by the simple sugar content of 
foods, but also by the type and form of com- 
plex carbohydrate (CHO) in the diet (1-8). In 
fact, there is so much overlap in glucose and 
insulin responses from simple and complex 
carbohydrates that foods composed of different 
forms of carbohydrates can no longer be con- 
sidered separate entities in the diabetic ex- 
change lists. While many of these investiga- 
tions have been conducted with the goal of 
establishing better dietary guidelines for dia- 
betics, others have attempted to explore 
mechanisms for altered metabolic responses 
to various foods and forms of carbohydrate in 
foods. These studies may ultimately change 
the approach toward nutrition therapy for di- 
abetic patients {9, \0% and their outcome may 



also have therapeutic utility in treating indi- 
viduals with other abnormalities of lipid or 
carbohydrate metabolism (1 1). 

Snacks can broadly be defined as those foods 
eaten between the three main meals of the day. 
The role of snacking has steadily gained im- 
portance in the American diet, and recent es- 
timates report that at least 60% of the national 
population consumes some type of food or 
beverage between meals (12, 13). This has led 
to the concern that snacking may result in nu- 
tritionally inadeq uate diets because of the be- 
lief that certain snacks are junk foods and 
therefore contain empty calories. Because of 
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tfeteir relatively high simple carbohydrate coo- 
test, certain types of snacks such as cnocoiate 
and confectionery products have also been ac- 
cused of eliciting high insulin responses to the 
ingests glucose, resulting in rebound hypo- 
g!ycemia followed by fatigue, hunger, and diz- 
assess (14). However, this latter effect has 
never been substantiated by seientinc evi- 
dence. 

Very few published studies have analysed 
both the glucose and insulin responses to foods 
or meals as consumed in their usual dietary 
patterns, Jenkins et al (5) have attempted to 
classify foods according to their giyceraic in- 
dex, but no estimate of insulin response was 
done. Since few studies evaluated common 
snack foods or meals as consumed by normal 
individuals, the present investigation was un- 
dertaken to determine the effect of ingestion 
of CHO equivalent snack foods and isocaloric 
snack meals on the glucose and insulin re- 
sponse in healthy, nondiabetie subjects. A wide 
variety of snack prototypes was chosen to in- 
vestigate the glucose and insulin responses. 

Methods 

Subjects 

Sixteen healthy, nonsmoking, and nonmedicated mates 
with no history of diabetes participated in the study. Their 
mm age was 249 yr (range, 22-3 ! ) aad their mean wesgbt 
was 7-16 kg (range, 69-80). Al! subjects were within ±10% 
of the idea! body weight (according to the Metropolitan 
life Insurance Tables, 19S3). Eight subjects completes! 
both Part I, a preliminary dose response study, and fcut 
U, an evaluation of six indi vidual snack foods/beverages; 
the remaining eight subjects completed Pan 10, an eval- 
uation of three tsocalorfc snack meals. This experimental 
design was chosen due to the required frequency of Wood 
sampling rirocednres. Th* study was conducted at the 
Mflton S Hetsfcey Medical CesteT/Peonsyivama State 
University CoUege of Medicine, Hershey, PA. after review 
and approval by their Committee on Crimea! Investiga- 
tions. A signed, informed consent was obtained from each 
subject prior to the initiation of the st udy. 

The energy nutrient composition of each test snack is 
summarized is Table ! . Nutritional information for each 
snack was obtained Stent product kbels as well as standard 
reference sources (IS, 16), Milk chocolate bars, granola 
bars, chocolate milk, peanut butter cups, and milk samples 
were analyzed by Hershey Foods Corporation Analytical 
Laboratories to verify nutritional labels. Although the CHO 
contest of each snack food (Fart IF) was standardised at 
25 g, the total caloric value ranged from 133 to 36$ keaJ. 
The protein content ranged from 3.0 to 6.9 & and the rat 
from i,7 to 17.9 g. The snack meals (Part IH) averaged 



2M calories and contained 25 to 36 g CHO, 10.7 to 1 1.2 
g protein, and ?. 3 to 14.6 g f3i. Toe total CHO content 
was also subdivided into two categories, simple sugars 
(mono- and disaccharides) and other CHO. Yogurt con- 
tained the highest percen tage of simple CHO ( i 00%) and 
potato chips the lowest percentage ( 1 6%). The snack meals 
(l^tll} contained 37 to 5I« of their total CHO content 
as simple sugar. 

Test snacks were administered on a weekly basis sc- 
cordingto a three part design. During Part i, an oral giucose 
tolerance test was performed at 25 and SO g doses (weeks 
1 and 2), followed by administration of a milk chocolate 
bar at equivalent CHO content for comparison (weeks 3 
and 4). During Part 11, six individual snack foods/beverages 
were administered in portions equivalent to 25 g CHO in 
a random crossover design (weeks S-10). In Part IE, an 
oral glucose tolerance lest was performed in eight different 
subjects at a 25 g dose (week 1 i) t followed by administra- 
tion of three isocaloric snack meals: statural grain cereal 
and milk, cheese sandwich and tnik, and peanut butter 
sandwich and chocolate milk (weeks 52-14), 

The lest snacks were administered at 9.-0Q AM on the 
same day each week. Subjects were permitted no food or 
beverage other than water after 9:00 PM on the day pre- 
ceding the test An appropriate amount of water was tin* 
gested with each test snack in order that the total meal 
volume was approximately 500 ml. Subjects were gi ven 5 
min to ingest the snack at which point time zero was noted. 
Subjects remained at rest during the test procedures and 
refrained from earing or drinking (other than water). Blood 
samples were drawn for glucose and insulin measnretrwate 
in the fasting stale and at 30, 60, 90, 120, 180, and 240 
min postprandially. 

Analytical methods 

Samples for plasma glucose measurements were col- 
lected ia fluoride oxalate tubes and analysed by the hexo* 
kinase method using a FLEXJGEM'"* ceauirlBgaS aaatywr 
{Electro-Nueieonics, inc, Fairfield, NJ). Insulin concen- 
trations is serum were qusntiiated by solid-phase <*• 
dioimmuaoassay with a commercially available method 
from Diagnostic Products Corporation (Los Angeles, CA). 
Samples were centrifuged within one hour after collection 
and the plasma or scrum stored at -20°C until assayed 
during the following week. 

Data analysis 

Data are presented as mean ± SEM. Area under the 
glucose and insulin response curves from 0 to 4 h was 
calculated by the linear trapezoidal method A two-way 
analysis of variance with repeated measures design was 
used for statistical comparisons. Groups with significant 
F ratios were evaluated: by a Newmsn-Keuls test. 



Results 

Pattl 

Mean plasma glucose and serum insulin re- 
sponses after ingestion of 25 and 50 g CHO 
as either a glucose solution (92 and 185 kcai) 
or a milk chocolate bar (264 and 528 kcal) are 
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TABLE 1 

Energy jmtriejst compositioK of snack foods and Hteals 
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ItcjteBi 






Part l—PteHraitsary Dose Response 






f 




It 


* 




Oluc&se s&hitittfi* 


2.5 floss {75 at!) 


25*0 


o 


2S.0 


0.0 


0,0 


92t 




soflostHO mi) 


mjd 


0 


50.0 


0.0 


0.0 


ISSt 




46.3$ 


23.2 


1.8 


25.0 


3.9 


15.7 


264 


Milk chocolate bar 




46.4 


3.6 


so'o 


79 


31.7 


52S 


Part 11— EtjuivaSetst Carbohydrate Snacks 
















Milk chocolate bar 


46.3 g 


23.2 


1.8 


2S.0 


3.9 


!5.7 


264 


Ctanotabar 


39.0* 


12.0 


13.0 


25.0 


3.0 


10.0 


208 


Chocolate miik, 2% (at 


207 ml 


22.4 


2.6 


25.0 


69 


4,3 


164 


Peanut butter cups 


49.3 g 


22.8 


2.2 


25.0 


6.5 


15.2 


26i 


Yogurt 


S26.2g 


25.0| 


0.0* 


25.0 


5.0 


i.7 


133 


Potato chips 


3U.0 g 


3.9* 


21.lt 


25.0 


3.6 


i 7 0 
1 /.7 


MS 


Psrt III — Isocatonc S»ack Meals 
















snack Mess i: 
















Cereal 


40g 


8.4 


18.8 


27.2 


4.0 


3,6 


184 




200 mi 


9.2 


0.0 


9.2 


6.7 


1 7 


83 




aim 


(18.8) 


(36.4) 


(!0.?) 


(7-3) 


(267) 


Snack Meal 2'. 
















Bread 


28.3 gO slice) 


1,9* 


t2.II 


14.0 


2,5 


1.0 


75 


Cheese 


i$8 


0.5* 


0.0* 


0.5 


3.2 


4,8 


58 


tattler 


5g 


0.02* 


0.0* 


0.02 


0.03 


3.9 


36 




225 ffli 


10.3 


0,0 


10.3 


7.5 


L9 


94 




02.72) 


<J2.t) 


(24,82) (13.2) 


(11.6) 


(263) 


Sttack Meat 3: 
















Bread 


28.3 g{( slice) 


m 


12,!* 


14.0 


2.5 


1.0 


75 


Peanut totter 


2*3 8 
66 mi 


0.1* 


2,8* 


2.9 


6.5 


12.2 


137 


Cfc>xx>S»te milk, 2% fat 


7.2 


0.8 


g.O 


2.2 


1.4 


■52 




(9.2) 


(15.7) 


(24.9) 


(11.2) 


(M.6> 


(264) 



* Otaage-Dex* 1 00 8 dextrose/ 10 fl oz. (Custom laboratories, Inc. Baltimore, MD). 
f USDA Agriculture Handbook No 8: 1 g glucose *> 3.7 calones. 

* Relative atnoum of shnpfe and other carbohydrate estimated from Nutrients in Foods (1983). 
§ Values ia parentheses represent snack meal total. 



summarized in Figure 1. Ingestion of a mtlfc 
chocolate bar consistently produced a smaller 
{p ts 0.05) glucose response than an equivalent 
glucose solution, irrespective of CHO amount, 
as evidenced by toe lower postprandial glucose 
concentrations at 30 and 60 mm (Figure J). 
When the CHO amount of substance was 
doubled from 25 to 50 g, the glycemic response 
was only slightly increased. These results show 
that at CHO levels employed in this study,, 
glycemic response was affected more by CHO 
form than amount. 

1b contrast, insulin response at 30 nun after 
a milk chocolate bar was similar to that of an 
oral glucose solution whether given as 25 or 
$0 g CHO doses (Figure 1). Thus, insulin re- 



sponse was more sensitive to CHO amount 
than was glycemic response. 

These observations are partially supported 
by the results of Peterson and Heaven ( 1 7) and 
Hales and Randle (18), who found that when 
the amount of glucose in an oral solution was 
doubled, the insulin response increased sig- 
nmeantly while the glucose response was es- 
sentially unchanged. 

Part II 

We chose to evaluate the snack foods in Fart 
II at CHO loads of 25 g (133-268 fecal), since 
the use of larger CHO doses would have led 
to excessive caloric intakes and portion sizes 
in certain snacks. 
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FIG I, Mean piasnu gfucose and seriHtt insulin responses after administration of a atucose solution or a «iilk 
ctoocotee bar at 25 and 50 g CHO ottuivaJenw (Pan f >. 



Administration of CHO-equivalent snack 
foods or beverages produced similar glucose 
response curves, a0 of which were iower at 30 
min than those following a glucose solution 
(Figure 2). Plasma glucose concentrations at 
60 fell somewhat below baseline values 



for ai! snacks except potato chips which 
showed an unusual response in that peak to 
nadir decline was prolonged compared to 
other snack foods. By 90 min, no differences 
in glucose concentrations were evident among 
the test snacks and glucose solution. 




at 25 g CHO etjutvaietitt {Part II). 
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insulin responses to the CHO-eqmvateat 
snack foods and beverages were more variable 
(Figure 2). The milk chocolate bar, chocolate 
milk, and yogurt produced peak insulin levels 
similar to the glucose solution, while responses 
from the other snacks were lower. Potato chips 
produced the lowest peak insulin concentra- 
tion which remained constant through 60 'nam,, 
whereas insulin concentration after other 
snack foods decreased 5 1 to 74% between these 
times. 

Area under the curve (AUC©^) calculations 
for snack foods showed results essentially sim- 
ilar to those obtained by peak glucose and in- 
sulin concentrations (Figure 3). The glucose 
AUC for each individual snack was signifi- 
cantly less {p :£ 0.05) than that of the glucose 
solution. The insulin AUC following the glu- 
cose solution or milk chocolate bar was sig- 
nificantly greater (p <. 0.05) than the AUC for 
thegraaola bar, chocolate milk, peanu* butter 
cups, yogurt* and potato chips. 

PmtW 

The plasma glucose and insulin responses 
to a glucose solution and three isocaloric snack 
meals (263-26? kcal) are summarized in Fig- 
are 4. Isocaloric meals containing 25 g CHO 
(cheese sandwich-milk meal and peanut butter 
sandwich-chocolate milk meal} showed similar 



glucose responses. Glucose concentrations 
were lower (p js 0.05) at 30 and 60 min com- 
pared to those following the glucose solution. 
Insulin responses for all snack meals and the 
glucose solution were equivalent. 

An additional isocaloric meal containing a 
higher amount (36 g) of CHO (cereal-milk 
meal) produced peak glucose concentrations 
similar to those generated by other isocaloric 
meals. However, glucose concentrations de- 
creased rapidly from 30 to 60 min after ad- 
ministration of the cereal-milk meal m com- 
parison to other isocaloric meals. This effect 
may be due to the higher peak insulin level 
produced by the cereal-milk meal compared 
to other snack meals or glucose solution, even 
though the difference was not statistically sig- 
nificant (p > 0.05). 

Discussion 

This study evaluated glucose and insulin re- 
sponses to a variety of snack foods and an 
equivalent oral glucose solution. Part I ex- 
amined glucose and insulin responses to 25 
and 50 g CHO equivalents of both an oral glu- 
cose solution and milk chocolate bar. Admin- 
istration of CHO as an oral glucose solution 
produced higher peak glucose concentrations 
than when the CHO was given in a milk chop- 




FIG 3. Meats {±S£M} areas under the carve (AU<^) for plasma glucose and insulin response curve* after admin- 
istration of a glucose solution or snack food at 25 g CftO equivalents (Part It), Means with the same tetter are not 
significantly different at p > 6.05 according to a two-way ««%sts of variance with repeated measures design. 
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olate bar. la contrast, peak insulin concentra- 
tions were similar after an oral glucose solution 
or milk chocolate bar at either 25 or 50 g CHO 
doses. Thus, the glycemic response of the nor- 
mal male yotoateers was influenced to a large 
extent by the particular dietary form of the 
CHO, whereas insulin response correlated 
more closely with the absolute amount of 
CHO. Although previous investigators also 
examined glucose and insulin responses to in- 
cremental amounts of an oral glucose solution 
in healthy {17), as well as diabetic (IS) indi- 
viduals, these dose-response relationships 
have not been systematically examined when 
CHO is given in dietary form. Our results using 
a milk chocolate bar and an oral glucose so- 
lution suggest that while similar relati ve dose- 
response relationships exist, absolute response 
is dependent on dietary form of CHO. 

in Part 11 six typical snack foods (milk 
chocolate bar, granola bar, chocolate milk, 
peanut butter cups, yogurt, and potato chips) 
were administered at 25 g CHO loads, since 
this amount gave calorie intakes and portions 
typical of snacks normally consumed in the 
American diet. Although the energy nutrient 
composition and the ratio of simple to com- 
plex CHO content of the snacks were different 
(Table 1), similar glucose response curves were 



obtained in the subjects. These responses were 
less than those elicited by corresponding 
amounts of an oral glucose solution (Figure 
2). Since insulin responses to the snacks were 
more variable, and in some cases (milk choc- 
olate bar, chocolate milk, and yogurt.) did not 
differ from the oral glucose solution, factors 
other than CHO amount influence insulin re- 
lease. 

Alterations in glycemic responses to foods 
may be due to changes in /> CHO dosage and 
form, 2) gastric emptying time, i) gastrointes- 
tinal and pancreatic hormone secretion by co- 
ngested protein and fat, and 4} bioavailability 
or digestibility of the CHO source. In addition, 
recent studies found that insulin can be re- 
leased during the preabsorptive or cephalic 
phase of digestion simply by the sweet taste of 
the food (19). Glucose response can also be 
diminished by eoingested fat (20, 21) and di- 
etary fiber (22). These effects, probably sec- 
ondary to delayed gastric emptying, may par- 
tially explain the reduced glyeemic responses 
observed in this study after snack food ad- 
ministration. 

Previous investigators 0~t) analyzed gly- 
cemtc responses to a wide variety of single 
foods or mixed meals, but none have dealt 
wim typical snack foods commonly ingested 
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at lower CHO amounts. The majority of these 
studies also focused on diabetic patients with 
the ultimate goal of improving their nutrition 
therapy. Jenkins (5) developed the concept of 
calculating a glycemic index for each food 
(AUCVi test food/AUCo.2 glucose solution) 
so that foods with Sow glycemic indices coold 
be identified for therapeutic use. Glycemic in- 
dices were not calculated in the present study 
since these measurements have been stan- 
dardized to administration of 50 g CHO loads 
(5). The reason for this standardization is that 
administration of 25 g CHO may artificially 
raise the glycemic index when compared to 50 
g CHO (5). 

With the increasing role of snacking in the 
American diet, it is important to evaluate glu- 
cose and insulin responses to different types 
of snacks in order to provide an objective basis 
for proper selection of snacks to fulfil! energy 
and nutrition requirements. Traditionally, it 
has been assumed that a milk chocolate bar 
would produce a glucose response equivalent 
to an oral glucose solution as illustrated in re- 
cent studies (23) that recommended substi- 
tution of D-glucose by a milk chocolate bar 
to treat diabetic hypoglycemia. However, our 
studies do not support this hypothesis. Other 
commonly-made assumptions that the rise in 
glucose following ingestion of a chocolate bar 
produces rebound hypoglycemia are also not 
supported While glucose concentrations at 60 
min fell somewhat below baseline values after 
the snacks (including milk chocolate equiva- 
lent to 25 or 50 g CHO, ie one or two 1 .45 02 
Hershey bars, respectively), clinical hypogly- 
cemia was not evident. 

Similar plasma glucose concentrations were 
present after ingestion of various isocaloric 
snack meals (Part 111). These curves were sim- 
ilar to those obtained after the individual snack 
foods in Part II indicating that variation in the 
ratio and type of simple and complex CHO 
did not alter glycemic responses, insulin re- 
sponses to isocaloric test meals were also sim- 
ilar, confirrning previous observations that in- 
sulin release is equivalent after isocaloric meals 
(24), However, it was observed that snack 
foods which were isocaloric (potato chips, 
peanut butter cups, and milk chocolate, Table 
I) produced differences in insulin response 
(Figure 2). These contrasting responses, which 



Ml 

may be due to the vastly different composition 
of the snack foods, suggest that the caloric 
content of a food or meal is not the primary 
regulator of insulin release. 

In suramarvt this study defined and corn- 
pared the eftects of various typical snacks on 
glucose and insulin response in healthy adults. 
Glucose response was similar among snacks, 
but lower than that following an equivalent 
glucose solution. A more variable insulin re- 
sponse occurred after the foods, substantiating 
that factors other than absolute CHO amount 
influence insulin release. These results indicate 
the importance of insulin sensitivity to differ- 
ent foods in the maintenance of normal glu- 
cose response. Si 
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Effect of protein dose on serum glucose and insulin 
response to sugars 1 " 3 

Gene A Spiller, PhD; Christopher D Jensen, RD; Thomas $ Pmtison, MS; Carol S Chuck RD; 
James H Whittam, PhD: and James Seafa, PhD 

ABSTRACT To clarify the effects of protein on insulin and glucose response to sugars, 14 
healthy normal-weight males and females were fed test meals containing 0, fS.» t 25,1, 33.6, 
and 49,9 g protein along with ~58 g carbohydrate. Serum samples were obtained at fasting 
time zero and 15, 30, 60. and 120 mm postprandial. Mean areas of the glucose curves above 
fasting decreased wilts increasing protein dose. Protein-containing meals produced significantly 
lower (p < 0.0 1) areas than the protein-free meal and the relationship between blood glucose 
area and protein dose was significant (p < 0.001 ). Protein-containing meals produced significantly 
greater {p < 0,01) insulin areas compared with the protein-free meal. However, no differences 
in insulin areas among the protein-containing meals were observed. These data support previous 
studies showing a blood glucose moderating and insulin-enhancing effect of protein inges- 
tion. Am J Clin Nutr 1987:46:474-80. 

KEY WORDS Protein, carbohydrate, glucose response, insulin response, glycemic index, 
diabetes 



Introduction 

lutein ingestion and oral or intravenous administra- 
tion of amino acids have been shown to stimulate insulin 
secretion and moderate postprandial hyperglycemia in 
normal and type II diabetic subjects {J-5}. It is possible 
also that the beneficial effect that legumes have had in 
terms Of their glycemic index (6 ) and long-term dietary 
treatment in diabetes (?) may relate to their higher-protein 
content by comparison with other starchy foods, in ad- 
dition to their dietary fiber, type of starch, and content 
of other components. 

To date, the few studies that have examined the serum 
insulin and glucose response to various protein doses have 
yielded mixed results. Day et al (8) fed a constant car- 
bohydrate load from whole foods while varying the protein 
dose (3.6-75 g protein) and detected differences in glucose 
responses at 60 and 90 mis between the high- and low- 
dose protein meals as well as differences in insulin levels 
at 60 mm between the high-dose protein meal and the 
remaining, meals. More recently, Muttali (9) reported a 
protein-dose effect on serum insulin response when 0-50 
g protein was fed with a SO g glucose solution. However* 
no differences have been seen in the responses at the in- 
termediate-protein doses. Jenkins et al (6) were unable to 
detect a significant change in the plasma glucose area 
above baseline in diabetic subjects fed a carbohydrate meal 



of wholemeal bread and cottage cheese vs wholemeal 
bread alone where the protein difference was only 12 g. 

The dose-response study reported here was undertaken 
to define the protein dose at which a significant effect on 
serum insulin and glucose response might be expected in 
healthy subjects. 




Healthy individuals, eight females and sis males aged 28-59 
y {mean age 38 y), who were employees of the research center 
and free of diabetes or family history of diabetes participated 
after voluntary informed consent was obtained, Subjects had 
previously participated in similarly designed pilot studies that 
had examined the effects of various liquid test meals on glucose 
and Insulin response to simple sugars. Consequently, subjects 
were familiar with the experimental regimen. Before participa- 
tion in these studies, all subjects were given a standard oral glu- 
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TABLE 1 
Test meals* 



Ingredients 


ProO 


Proi 


Pro2 


Pro3 


Pro4 


£ 












Maltotfcxtrin 


23.9 


23.2 


23.2 


23.7 


23.2 


pTHCtOSe 


18,3 


19.0 


19.1 


19.0 


19.1 


Lactose 


IS.4 


15.2 


15.7 


i53 


15.9 


Total 












carbohydrate (g) 


57,6 


57.4 




58.6 


58.2 


Milk proteins 




5.2 


8.1 


t0.8 


160 


Soy proteins 




10.6 


17.0 


22.8 




Total protein (g) 


0.0 


15.8 


25.1 


33.6 


49.9 



* ingredients for test meals came ta the following sources; tnal- 
todextrin — Martrio M l 00, Grain Processing Corporation, Muscatine, 
1A; fraciose— D-f ruetose 540 16, Roche Chemical Division, Nuttey, MS; 
lactose— Edible Lactose, Land O'Lakes, Minneapolis, MN; milk pro- 
teins—Meloskirn 500 {nonfat Ay milk), Dairyland Products, iac. Savage, 
MN. and TMF i 220 (total milk protei«ate), New Zealand Milk Products, 
hie, Petatoma, CA; soy proteins— Pro-Fam G-902 (soy protein isolate}, 
Grain Processing Corporation, Muscatine, JA. 



cose ioteraace test and found to be normal so this regard. Their 
mean percent of desirable body weight was 104 ± 8% (range; 
9t~!26%} asingthe 1959 Metropolitan Life Insurance Co tables 
for persons of medium frame. The design and procedures fol- 
fowed in the study were ia accord with the Helsinki Deciaratioa 
as updated in Tokyo, Japan in 1975. 

Design 

Subjects adhered to an alcohol-free, htgh-carfcohydrate diet 
{> 2D0 g/d) for 72 h before each test-meaS feeding and were 
monitored by dietary records. Exercise was discontinued 24 h 
before and fasting was instituted 12 h before each test meal was 
administered. On the mornings of the test meals, venous blood 
was drawn and then meals (Table I) were consumed over a 2 
mm interval. Additional venous blood samples were drawn at 
1 5, 30, 60, and 520 min after test meals were ingested. Ho ex- 
ercise and additional food were allowed during the experimental 
period. The test meals were administered at least 6 d apart and 
on a given day subjects received the same test meal in the fol- 
lowing order: 0 g, 25. 1 g, 49.9 g, 1 5,8 g, and 33.6 g protein. The 
mean fasting blood insulin levels were similar on each test meal 
day. Mean fasting blood glucose levels were similar on the days 
the protein-containing meals were fed but lower (p < 0.01) on 
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FIG 1 , Serum glucose response to protein dose. Data are means ± SEM. 
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the day of the protein-free test meal (fig I). One male subject 
was unavailable for tee 25. ! g protest* test meal sad one fernale 
was unavailable for the 33J g protein lest meal. Omerwise, all 
subjects ingested al! test meals. 

7esf m«?a& 

Test meals {Table I ) were dissolved in 375 ml cold tap water. 
Each meal provided ~~ 58 g carbohydrate, various amounts of 
protein, and trace amounts of fat. The levels of protein, fat, and 
carbohydrate of the various raw materials t» the test meals were 
obtained from manufacturer specifications and confirmed by 
the standard methods of the Association of Official Analytical 
Chemists (10) for protein (#2.05?), fat (#16.064), and fructose 
and lactose (#3 1 . 1 38). The degree of polymerization (DP) of the 
maltodextrin was characterised by high-pressure liquid chro- 
matography (HPLC) (It) using a APX-42A column (Bio-Rad 
Laboratories, Richmond, CA), The approximate average glucose 
polymer molecular weight was 1 800 and the average number of 
anhydrous glucose units per molecule was il.l. The DP was 
distributed as follows,- 0.5% DP!, 2,7% DP2. 4.3% DP3, 3,7% 
DP4, 3.5% DPS, 5.7% DPS, 7J% DP?, 4.5% DP8, 3,1% DP9, 
1 .6% DP10, and 63,7% DP10 and above (Grain Processing Cor- 
poration, Muscatine, 1A, persona! communication). 

Blood glucose and insulin atutlyses 

Serum glucose was obtained by an automated glucose oxidase 
method (SMA24, TechrucoH, Terrytown, NJ) and serum insulin 



was measured using a radioimmunoassay kit (Phadeseph Insulin 
RfA, Pharmacia Diagnostics AB, Uppsala, Sweden). 

Statistical analyses 

A one-way analysts of variance was used to test for significant 
differences in fasting serum glucose and insulin levels between 
the test meals and responses to the test meals. Differences were 
calculated from the actual values in the case of fasting levels and 
as increments from fasting values or incremental areas above 
fasting for the responses to the test meals. Incremental areas 
were calculated by computing and summing the individual areas 
described by the trapezoids above the fasting values between 
time sere and eacb separate sampling time. When the F statistic 
indicated significance, the method of least significant differences 
was used to compare means. 

Results 

Compliance 

Diet records indicated that subjects complied with the 
high-carbohydrate, alcohol-free regiraed before the feeding 
of test meals. 

Glucose response 

The apparent rnaxltnum mean serum glucose rise from 
fasting for each protein-containing formula Was seen at 




HO 2. Areas above basciine under the gucow curves, Dttft are weans ± SEM, Areas are sgaifksntJy different {p 
< 0.0 S) if they do not share a common superscript fetter. 
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15 min postconsumption, whereas, the test mea! withoot 
protein (ProO) appeared to reach its maximum increment 
at the 30 mm mark (Fig 1), Each of the ptotein^ataiamg 
test meals produced lesser maximum meats glucose in- 
crements as compared with the ProO test meal. Expressed 
as a percentage of the protein-free test mea!, these differ- 
ences were significant {p < 0.0 1 ) except for Pro! (J 5.8 g 
protein). In addition, Pro3 and Pro4 (33.6 g and 49.9 g 
protein, respectively) yielded significantly smaller (,p 
< 0.01) maximum glucose increments than did Pro! and 
Pro2 (J 5.8 g and 25.1 g protein, respectively). The time 
estimated for the return to baseline of the mean glucose 
levels was found to decrease as the protein dose increased 
{Fig I ). The estimated mean times were 35, 43, 45, 58, 
and 76 min for Pro4, Pro3, Pro2, Prol, and ProO, re- 
spectively. The time differences between test meals were 
statistically significant (p < 0.01) except for Pro3 and Pro2 
(p > 0.05). The maximum fall from baseline in mean 
serum glucose levels detected within 2 h after consumption 
did not differ significantly for any of the test meals (p 
> 0.05), 

The mean areas of the giucose curves above baseline 
for each test meal are shown in Figure 2, The glucose 



areas produced by ingestion of the protein-containing test 
meals were significantly lower {p < 0,01) than the area 
corresponding to ProO. In addition, the mean areas for 
the fTOtein-containing test meals decreased with increas- 
ing intakes of protein. The differences in areas between 
Pro3 and Pro4 versus Prol were significant (p < 0.01). 
When the logari thm of these areas was plotted vs protein 
dosev a straight line resulted, suggesting a first-order re- 
lationship between moderation of the hyperglycemic re- 
sponse and dose of protein (Fig 3). The correlation coef- 
ficient was 0.986 (p < 0,001). 

insulin response 

For all of the test meals, the apparent maxim um mean 
serum insulin increments from fasting were seen at 30 
min (Fig 4), ProO, the test meal containing the sugars 
alone, produced the lowest maximum rise from fasting, 
although none of the differences were significant (p 
> 0,05). The only pattern related to protein dose was the 
insulin increment above baseline observed at the 2-h 
mark. The increment was progressively larger with in- 
creasing protein dose. The mean serum Insulin increment 
above baseline for Pro4 was significantly larger C|» < 0,0!) 



3.3 




0 15.8 25. 1 33.6 49.9 

Protem (g) 

ProO Prol Pro2 Pro3 Pro4 

FK3 3. Logarithms of the areas above baseline utrfer ihe gtucose curves versus protein dose. 




than the increment produced by Pro3, which in turn was 
larger (p < 0,01) than the responses to Pro! and ProO 
(Fig 4). Mean insuiin levels did not return to baseline 
within 2 h for any of the test meals. 

The mean areas under the serum insulin curves above 
baseline for each of the protein-containing test meals were 
significantly greater {p < 0.0 1 } than the area corresponding 
to ProO (Fig 5). However, none of the differences in areas 
between protein doses achieved statistical significance at 
P < 0,05 within the 2-h sampling period. 

Discussion 

The lower maximum mean serum glucose mcrements 
and earlier times at which these increments were seen, 
along with the shorter periods of time required for glucose 
levels to return to baseline and the reduced areas tinder 
the glucose curves, confirm the results of previous studies 
in both normal (3) and type II diabetic (12) subjects. These 
studies found that after a carbohydrate load glucose ele- 
vations are clearly affected by concomitant protein inges- 
tion if substantial differences exist in the protein levels in 
the meals. The finding that serum insulin response is en- 
hanced by adding protein to a carbohydrate load is also 
in agreement with these studies. In addition, our results 



can explain the failure of investigators in some situations 
to see an effect of protein, Jenkins et al (6) reported in 
diabetic subjects that a meal of wholemeal bread and cot- 
tage cheese (22. i g protein, 50 g carbohydrate) did not 
yield a significantly lower plasma glucose area above 
baseline than did a meal of wholemeal bread alone (12.1 
g protei n , 50 g carbohydrate), A comparison of the effects 
of Pro! (15.8 g protein) and Pro2 (25.1 g protein) in our 
study showed similar responses. However, when the pro- 
tein doses were increased further, significant reductions 
in area did occur. In fact, a clear dose response effect was 
demonstrated from zero to —SO g protein. 

Areas under the serum insulin curves did not support 
a protein dose-response effect However, mean insulin 
levels did not return to baseline within 2 h (Fig 4), The 
fact that the insulin increment above baseline at the 2 h 
mark was increased with increasing protein dose suggests 
that, had the blood sampling period been extended, sig- 
mficam differences might have been observed. 

Day et al ($} fed 3.6-75 g protein with a standard 
amount of carbohydrate from whole-food sources but de- 
tected little variation i n the effects of protein dose on glu- 
cose and insulin response in normal subjects over 90 min. 
However, ktterpretatiors of their results is made difficult 
by the fact that meals were fed at noon and the fat content. 
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HG 5. Areas above baseline under the insulin curves. Data are means ± SEM. Areas are significantly Afferent 
< 0.01) if they <Jo not share a common supenscrtiK letter. 



known to alter gastric emptying time ( 13), varied between 
diets. The test meals used in our study were designed to 
contain negligible amounts of fat to avoid this difficulty. 

Nuttali et al (9) recently fed 0, 10, 30, and 50 g protein 
with 50 g glucose to five mild untreated type H diabetic 
subjects whose percent of idea) body weight was 123 
± 23%, Only the SO g protein treatment yielded a signif- 
icantly lower net area (net area equal to area below base- 
line subtracted from area above baseline) under the glu- 
cose curve as compared with the glucose treatment alone. 
Insulin areas were significantly greater for both the 30 and 
50 g protein treatments as compared with the glucose 
treatment alone or in conjunction with 10 g protein. 
Fajans et al (14) have suggested that obesity in type II 
diabetics may lead to an exaggerated insulin response to 
protein dose. However, comparison of the insulin and 
glucose responses as indicated by areas above baseline or 
net areas (data not shown) under the respective curves 
from our mostly normal-weight healthy subjects to that 
of Nuttairs mildly overweight type 11 diabetic subjects 
suggests that the diabetic subjects were less sensitive to 
the lower doses of protein . 

In summary, protein appears to exert a clear dose effect 
on glucose response as determined by mean areas above 
baseline under the glucose curve in normal fasting subjects 



fed test meals consisting primarily of simple sugars and 
oligosaccharides. Due to the length of the bl ood sampling 
time in this study, similar conclusions regarding effects 
of protein dose on insulin cannot be made. Comparison 
of these results with those of mildly overweight type II 
diabetics fed similar protein levels point to a greater sen- 
sitivity to protein ingestion on the part of normal-weight 
healthy subjects. These findings are contrary to previous 
reports of greater insulin response observed with obese 
diabetics and indicate the need for addit ional research to 
clarify the effects of protein ingestion on serum insulin 
and glucose response in individuals with differing glucose 
tolerance status. 

We are not suggesting at this point that the protein 
intake of the diabetic diet should be increased. Our results 
indicate that meal protein intakes must demonstrate dif- 
ferences of between —10-20 g, when given in a liquid 
meal form, before significant differences in glucose re- 
sppnse are observed in healthy subjects ingesting mostly 
simple sugars and oligosaccharides. Further studies com- 
paring liquid test meals with traditional foods are needed 
before the relevance of these findings to the clinical setting 
is dear. It also should be noted that the carbohydrate 
distribution of these test meals is not typical of suggested! 
diabetic meal plans. Advice to increase protein intake in 
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the diabetic diet is premature at a time when there is con- 
cern over high levels of dietary protein and renal damage 

us, i6), m 
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Dietary Carbohydrates: Effects on Self-selection, Plasma 
Glucose and Insulin, and Brain Indoleaminergic Systems in 
Rat 

LOUISE THIBAULT 

School of Dietetics and Human Nutrition, Macdonald Campus of McGil! 
University, Quebec, Canada 



The aim of the study was to investigate the eiTecl of different dietary carbohydrates 
such as com starch, sucrose, fructose and glucose on carbohydrate and protein 
self-selection and on arterial and venous concentrations of glucose and insulin, 
and brain indoleamines in rats. Fructose and sucrose feeding induced the lowest 
food intakes which were due respectively to a lower carbohydrate and protein 
selection. The present data showed that feeding with dietary glucose as the main 
carbohydrate source gave the highest glycemic response, the lowest one being 
found with fructose and corn starch, and an intermediate one with sucrose feeding. 
The insulin response to the dietary carbohydrates followed a somewhat different 
pattern with the highest insulin secretion observed after fructose feeding whereas 
highly variable and inconsistent results were obtained following corn starch, 
sucrose and glucose feeding. Feeding chemically different sugars was also char- 
acterized by decreased serotonin synthesis in the raphe nuclei, brainstem and 
thalamus, and increased 5-HT synthesis in the hypothalamus of rats fed fructose 
when compared to glucose fed animals. The present results highlight the import- 
ance of considering the nature of dietary carbohydrates in the regulation of 
feeding. 



Introduction 

Pharmacological and nutritional studies support brain serotoninergic mediation 
of the proportions of protein and carbohydrate selected from a dietary choice (see 
review by Blundell, 1988). Peripheral control of food intake and food preference has 
also been postulated by the existence of glucoreceptors in the liver sending signals 
to the central nervous system by way of the vagi (Russek, 1 963; Nitjima, 1 983; 
Tordoffand Friedman, 1986). Moreover, the role of absorbed nutrients in feeding 
behaviour has been demonstrated by studies showing that glucose and free fatty 
acids can directly modulate the firing of glucose-sensitive neurons in the hypothalamus 
(Oomura, 1976). In the context of most of the experiments conducted with dietary 
choices, carbohydrates referred either to corn starch or to other simple sugars such 
as sucrose or maltodextrins, Carbohydrates, however, are a complex group of nutrient 
substances showing marked differences in the way they are handled and used by the 
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Tabus 1 

Composition of diets (dry weight glJOOg diet)" 





0% 


60% 


Casein 


000 


6000 


Coin oil 


1000 


1000 


Carbohydrate 1 * 


7865 


IS 65 


Alphacel 


500 


5 00 


Mineral mix 


5 25 


5-25 


Vitamin mix 


110 


1 - 10 


Energy density (kcal/g) 


4-05 


4-05 



'Prepared in our laboratory. 

b 0% diet: corn starch, sucrose, fructose or glucose; 60%: 
corn stareh. 



body, Some carbohydrate food, bong more or less insuiinogenic and glyecmic, are 
likely to provoke quite different effects on the brain than others, which in turn may 
affect ingestive behaviour. The aim of the present study was therefore to investigate 
the effect of different dietary carbohydrates such as corn starch, sucrose, fructose 
and glucose, on carbohydrate and protein self-selection and on arterial and venous 
concentrations of glucose and insulin in the ral. In addition, tryptophan, serotonin 
(5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) concentrations were assayed in 
the hypothalamus, thalamus, raphe nuclei and brainstem in order to obtain a further 
understanding of the serotoninergic systems affected. 



Methods 
Animals 

Male Sprague-Dawley rats (Charles River Laboratories, Quebec) weighing 
338 ± 3 g were housed in individual cages in a room maintained at 23 ± 2°C and 55% 
humidity. A reversed 12 h-light-12 h-dark cycle set with lights on from 1800 to 
0600 hrs was used to facifilate the execution of the protocol. The experiment was 
conducted during the spring. After 7 days of adaptation to environmental conditions, 
rats were randomly divided into eight experimental groups of 18 animals each, 
according to their body weight. Rats were given ad libitum water and a choice of 
two isocaloric diets (0 and 60% casein) (Table 1) for 8 h each day (0600-1400 hrs; 
dark cycle) using corn starch, sucrose, fructose or glucose as the main carbohydrate 
source for each two experimental groups, during 16 consecutive days. Two identical 
spill-proof food containers for choice-regimen were rotated daily at random from 
side to side and among all animals tested, 

At the end of the 16-day experimental period, food was removed after the 8-h 
feeding period as usual and one of each of the four groups of animals fed a different 
carbohydrate source was laparatomized for arterial and venous blood samplings 
and, simultaneously, the four other groups were guillotined for brain extraction. 
Briefly, animals were anesthetized with halothane, laparatomized and, within 2min, 
arterial (abdominal aorta) and venous (hepatic portal vein) blood samples were 
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taken using EDTA-coated monovettes syringes (Sarstedt). Blood was kept on ice 
and immediately centrifuged at 2500 rpm for 15min in a refrigerated (4°C) Sorvall 
RC-5D and the plasma was then stored at -80°C until assayed. Groups of animals 
were guillotined without anesthesia and brains were set aside within 45 seconds and 
hypothalamus, thalamus, raphe nuclei and brainstem were dissected out on an ice- 
cold plate, immediately frozen on dry ice and stored at — 80°C until analysed. 

Biochemical Determinations 

Plasma glucose content was determined by the spectropbotometric method of 
Fisher Scientific Limited (Diagnostic Division, D.K. 1200-31/33/36), and insulin by 
a radioimmunoassay procedure of Bio-Endo Inc. (RIA Kit, KT-1001). 

Brain tissues were weighed frozen and placed in 500 ul ice cold O-Im HC10 4 
containing 40 ng isoproterenol as internal standard. Tissues were thoroughly ho- 
mogenized using a motor driven glass teflon tissue grinder and centrifuged at 30 000 g 
for 30 min at 4°C. The resultant supernatant was decanted into a clean polypropylene 
test tube and frozen once prior to analysis by HPLC with electrochemical detection 
in order to precipitate perchlorate salts which otherwise remain in solution. Samples 
were held in the dark and injected (5u!) in a refrigerated WISP 712 autosampler 
(Waters, Montreal, Canada) maintained at 4°C. Chromatographic separations were 
performed at 30°C (Waters column heater) on an Ultrasphere I.P. C-18 analytical 
column (250 x4'6mm I.D., 5-um spherical particles) (Beckman, Canada), This 
column was protected by a 0-5 urn SSI pre-column filter and a Brownlee C-18 guard 
column (15 x 32 mm I.D., 7-2-um spherical particles) (Chromatographic Specialties, 
Brockviile, Ontario, Canada). The mobile phase comprised 30 mM monobasic sodium 
phosphate, 5mM dibasic sodium phosphate, 0'35mM sodium 1-octanesulfonic acid 
(SOSA), 5niM EDI A, 10% methanol, 2% acetonitrile and 0-25% tetrahydrofuran 
(THF). Prior to the addition of the organic modifiers, the aqueous phase was filtered 
through a 0-22 \im Milhpore type GS filter (Toronto, Canada). The final apparent 
pH was adjusted to 4-25 with concentrated phosphoric acid. The mobile phase was 
continually recycled and degassed with a stream of helium and delivered at 1-0 
ml/min using an SSI Model 222 pump (SSI, Pennsylvania, U.S.A.) with an aulo- 
backwashing pump head and a coil-type pulse dampener (Waters). Detection was 
achieved using an EG & G model 400 thin-layer amperometric detector (EG & G, 
Princeton, U,S.A,). The glassy carbon electrode had an applied potential of 740 mV 
vs. an Ag/AGCl reference electrode. Signals from the detector were integrated by 
peak height using a Spectra-Physics Computing Integrator SP-4290 (Technical 
Marketing Associates, Montreal, Canada). 

Chemicals 

L-tryptophan, 5-IIT (creatinine sulfate complex isoproterenol-HCl) and 5-HIAA 
(dicycloexylammonium salt) were purchased from Sigma Chemical Company (St. 
Louis, MO, U-S.A,). Phosphoric acid and HPLC-grade methanol, acetonitrile and 
THF were obtained from Coledon Laboratories (Ontario, Canada). SOSA was 
purchased from Regis Chemical Company (Morton Grove, IL, U.S.A.). All other 
chemicals were Fisher reagent grade (Fisher, Montreal, Canada). Casein, corn oil, 
corn starch, sucrose, fructose, glucose, alphacel and mineral and vitamin mix were 
supplied by ICN Nutritional Biochemicals (Montreal, Canada). 
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Table 2 

Effect of dietary carbohydrate source on food intake and selection in rats" 



Dietary 

carbohydrate 

sources 


Total food 
intake (g) 


Carbohydrate 
intake" (g) 


Protein 
intake' (g) 


Carbohydrate 
energy' 5 
(%E-CHO) 


Protein 

energy' 
(%E-PRO) 


Corn slarch 


22-6 + 0-2 B 


12-9+0-I A 


4-9+0l c 


S6-6 + 0-4 A 


2 10 + 0-4° 


Sucrose 


20-0 + 0-2 c 


10-6 + 0-l B 


51+01 c 


52-6 + 0-3 D 


25-0 + 0-3 8 


Fructose 


18-4 + 0-2 0 


6-7 + 0-l c 


78 + 0-1" 


35-4 + 0-4 u 


42-3 + 0-4 A 


Glucose 


28-9 + 0 4 A 


12-7 + 0-2 A 


10-2 + 0-2 A 


43-2 + 0-5 c 


34-4 + 0-5" 


F value and 


364 1(00001) 


451-8(0-0001) 


478-5(0-0001) 


640-6(0-0001) 


641-0(0-0001} 


probabilities 












(D/-:3,2186) 













•Effects of four types of carbohydrate (com slarch, sucrose, fructose and glucose) on food 
selection from 0 and 60% protein diets were tested repeatedly for 8«h daily periods. Results 
(means ± SB M) are derived from the total number of observations from day 3 to 16. There were 36 
animals in each of the corn starch, sucrose, fructose and glucose fed groups. Values followed by the 
same fetter arc not significantly different. 

b Carbohydrate intake (g) ~ [intake from 0% diet (g) x 0-7865) [intake from 60% diet (g) x 0- 1 865]. 
Since fat, fibre, vitamin and mineral content is fixed at 0-2135 g/g of diet, carbohydrate content is the 
only variable in, and the major constituent of the non-protein intake. 

'Protein intake (g) = [intake from 60% diet (g) x0 60). 

"Carbohydrate energy (%E-CHO) = (carbohydrate intake (g) x4 (kcal/g carbohydrate}] -r-ftotal food 
intake (g) x 4-05 (kcal/g)) x 100. 

* Protein energy (%E-PRO) ■■ [protein intake (g) x4 (kcal/g protein)] ^|total food intake (g) x 4-05 
(kcal/g)] x 100. 



Statistical Analysis 

Mean, standard error of the mean {SEM), Student's /-test and a one-way analysis 
of variance (ANOVA) followed by a Duncan's new multiple range test were used 
(SAS Institute, 1985; Steel and Torrie, 1980). 



Results 

Food Intake and Selection and Body Weight 

Table 2 presents results of food intake and selection for the different dietary 
carbohydrate sources. For all groups of animals, the selection patterns stabilized 
within 2 days. However, mean food intake and selection varied widely among the 
different groups. Groups of animals self-selecting glucose and fructose showed the 
highest and the lowest total food intakes, respectively, paralleled by the highest 
protein intake with glucose as dietary carbohydrate source and by the lowest 
carbohydrate intake with fructose. The percentages of total caloric intake ingested 
as protein (%E-PRO) and carbohydrate (%E-CHO) were significantly different among 
all groups of animals, Indeed, animals fed fructose selected the highest %E-PRO, 
followed by the glucose, sucrose and corn starch groups. The opposite situation was 
observed with regards to the %E-CHO, the latter being the highest in the corn starch 
fed animals, followed by the sucrose, glucose and fructose fed groups. During the 
experimental period, the highest body weight gain was observed in animals fed 
glucose (4-92 + 0-21 g/day) and sucrose (4-24+0-34) whereas the lowest body weight 
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Table 3 

Effect of dietary carbohydrate source on arterial and venous 
glucose and insulin in rats self-selecting diets 3 

Dietary carbohydrate sources Arterial Venous 



Glucose (mmol/1) 

Cornstarch ]O3±0-4 c 8-1 ±-03 B 

Sucrose I3-4+0-6" 108±06 A 

Fructose 11 1 ±0-7 c 8-8 + 0-4" 

Glucose 1S-4+04* 12-0±02 A 

/- value and probabilities 17-6(00001) 17 0(0 0001) 

(DP: 3, 67) 

Insulin (jiU/ml) 

Corn starch 29-9 + 2- l c 29-5 + I -5 K 

Sucrose 55-9 + 3-4* 64-9 + 5-1* 

Fructose 30-7 + 2-9 0 38-5 + 3-0 B 

Glucose 40-8 + 4-5" 37-4±3-0 B 

F value and probabilities 11-8(0-000!) 20-4(0-0001) 

(DF: 3, 67) 



'Arterial and venous glucose and insulin levels were determined at the 
end of the 16-day experimental period. 

Results are expressed as the mean + SEM. 

Values followed by the same tetter are not significantly different. 



gains were found in fructose- (3-61 +0-19) and corn-starch- (2-92 + 044) fed groups, 
the latter being significantly lower (/><0-01) than those of glucose- and sucrose-fed 
animals, i^3, 148) = 7 49, /?<0-0001. 



Blood Parameters 

Analysis of arterial and venous glucose and insulin concentrations (Table 3) 
revealed significant differences between groups of animals. In the groups fed corn 
starch and fructose, the absolute arterial and venous glucose levels were significantly 
lower than those found in rats fed sucrose and glucose. Among experimental groups 
of animals, those fed glucose had the highest arterial glucose concentrations, and 
both glucose- and sucrose-fed animals had the highest venous glucose levels. Although 
not statistically significant, arterio-venous (AV) differences of blood glucose were 
44% higher in the glucose fed group (3-4 +04) than in the other groups (corn starch: 
2-2±0-4; sucrose: 2-6±0-3; fructose: 2-3 ±0-4), ^3,67) = 203, ^<0I18. The most 
elevated arterial and venous insulin concentrations were found in the sucrose-fed 
group. Whereas the fructose group showed a consistent and elevated AV difference 
of insulin ( — 7-8± 1-3), suggesting an enhanced insulin secretion, the values obtained 
for AV differences of insulin in the corn starch (0-4 + 2-3), sucrose ( — 9-0 + 4-2) and 
glucose (3 4 ±4-87) groups were inconsistent, 7-1(3,67) = 3 58, /><0-OI88. 



Brain Parameters 

Changes in brain tryptophan, serotonin (5-HT) and 5-hydroxymdoleacetic acid 
(5-HIAA) content are presented in Table 4. In most brain areas examined, ptophan 
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Table 4 

Effect of dietary carbohydrate source on brain tryptophan, 5-HT and 5-HIAA content 

in rats self-selecting diets' 

Dietary carbohydrate sources 



Brain 


Com starch 


Sucrose 


Fructose 


Glucose 


F value and 


structures 










probabilities 












DF: 3, 67 


Tryptophan 


4019 + 174 c 


9234+917 AB 








Hypothalamus 


10882 ±1184' 


'7493+441" 


1605(00001) 


Thalamus 


3886 + 149° 


8937 + 704* 


10194 + 472* 


5255 + 444" 


4 1 -64(0 0001) 


Raphe nuclei 


3181±124 c 


5246±680 B 


1 5384 ±861* 


4!50 + 99 8C 


106-42(0 0001) 


Brain stem 


3286 ±133" 


9253 ±723* 


8435 ±206* 


3959 ±176° 


62-21(0 0001) 


5-HT 










Hypothalamus 


459 + 31 D 


1249 + 54* 


1130+17° 


568 + 36 c 


13 1-21(0 0001) 


Thalamus 


395 + 12* 


68-9 + 3- 52" 


68-4 + 3-53° 


433 + 28* 


161-55(00001) 


Raphe nuclei 


512+17 B 


99-3 + 6-24 c 


9)-7 + 703 c 


620 + 14* 


358-84(0 0001) 


Brain stem 


371±14 B 


660±3-93 c 


91 12 ±623° 


403+9-2* 


300-12(0 0001) 


5-HIAA 










Hypothalamus 


549 + 25 c 


1005+44*° 


960+34" 


1082 + 25* 


57-54(0 0001) 


Thalamus 


6I4 + 19 AB 


563 + 37 DC 


494+ 18 c 


649 + 22* 


8-1 6(00001) 


Raphe nuclei 


833 ±49* 


490 + 17° 


580 ±23" 


889 + 22* 


37-71(0-0001) 


Brain stem 


446 ± 1 8 A 


264±9-7 c 


333 + 12 B 


417 ±12* 


37-77(0-0001) 


5-HIAA/5-HT 












Hypothalamus 


1-27+ 0-09" 


0-83±006 c 


0-85±0-03 c 


204 ±0-1 5* 


37-41(0-0001) 


Thalamus 


1-56 +0-04° 


8 39+052* 


7-47 ±036° 


l-61±0-12 c 


142-09(0-0001) 


Raphe nuclei 


l-62±0-60 c 


5-35±0-48 B 


6-70 + 037* 


l-45±0-05 c 


78-68(0-0001) 


Brain stem 


1-21 +0-03 B 


4-19±0-24* 


3-98 + 0-33* 


1 -04 + 0-04 ° 


66-76(0-0001) 



'Brain tryptophan, 5-HT and 5-HIAA content were detennined at 1hc end of the 16-day 
experimental period. 

Results are expressed in nanograms per gram of tissue (mean + SEM). 
Values followed by the same letter arc no1 significantly different. 



concentration was significantly higher in the sucrose- and fructose-fed groups than 
in the corn-starch- and glucose-fed animals. Sucrose and fructose feeding also induced 
more elevated 5-HT levels in the hypothalamus but tremendously lowered S-HT 
levels in the extrahypothalamic brain areas when compared to corn-starch and 
glucose feeding. The changes in 5-HIAA levels showed a similar profile as those 
found for 5-HT, but the differences between the values obtained with sucrose and 
fructose feeding and those with corn-starch and glucose feeding were less marked 
than those found for 5-HT. The groups of animals fed sucrose and fructose displayed 
significantly higher 5-HIAA to 5-HT ratios in the thalamus, raphe nuclei and bram 
stem and a significantly lower 5-HIAA to 5-HT ratio in the hypothalamus than the 
two other groups. The effects of fructose feeding on the serotoninergic parameters 
can be differentiated among all groups on the basis of the fructose-induced highest 
tryptophan content and 5-HIAA to 5-HT ratio in the raphe nuclei. On the other 
hand, the highest hypothalamic 5-HIAA to 5-HT ratio was found in the glucose-fed 
animals. Glucose and corn starch feeding elicited similar effects on the serotoninergic 
parameters measured, with the exception of glucose-induced higher hypothalamic 
tryptophan, 5-HT and 5-HIAA concentrations and 5-HIAA to 5-HT ratio, and 
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higher 5-HT levels in raphe nuclei and brain stem in comparison with the corn 
starch-induced changes. 

Discussion 

The present results have shown that different dietary carbohydrate sources 
produce differential food intake and selection of carbohydrate and protein, therefore 
affecting not only peripheral glucose and insulin availability, but also causing different 
disposition in brain tryptophan, 5-HT and 5-HIAA content in selective sites. 

Palatability of food, reflecting positive and negative hedonic effects, has been 
proposed as one of the decisive factors underlying food intake (Young, 1967; Booth 
el al, 1986). The relative sweetness of the carbohydrates offered in the present study 
did not, however, seem to correlate with food intakes and selection, since corn starch, 
a carbohydrate which is relatively tasteless, and sucrose, which is sweet, induced 
similar total food intakes and proportions of carbohydrate and protein selected. In 
rats given a choice between glucose, and fructose solutions, food preference did not 
depend on the taste of the sugar solutions; rats drinking the same volume of each 
(Tordoff et al, 1990). Arimanana and Leathwood (1984) have also demonstrated 
that independently of organoleptic properties such as odour, taste and texture, adult 
rats respond quickly to the protein/carbohydrate composition of the food they eat. 
This would indicate that the determinant of a choice is likely to be of metabolic 
origin. 

In the present experimental conditions, glucose and sucrose feeding produced 
different patterns of selection, characterized by a sucrose-related lower total food 
intake mainly due to a lower protein intake, as compared to glucose. Fructose 
feeding was also associated with a lower total food intake, due to a decrease in both 
carbohydrate and protein intakes when compared to those intakes obtained with 
glucose feeding. In contrast with the present results, Hill et al. (1980) reported the 
work of Castonguay, who offered groups of rats varying concentrations of either 
glucose or sucrose, concurrently with Purina Chow, and observed that all groups 
maintained equal levels of caloric intake and the same percentage of the intake as 
protein. The effects of fructose on the liver must be considered in the regulation of 
food intake (Rowland and Strieker, 1978). Liver is sensitive to its own metabolism 
(possibly glycogen content) and relays satiety signals to the brain via the vagus nerve 
to inhibit the central control of meal initiation (Strieker and Rowland, 1978; Friedman 
and Granneman, 1983). In rats, 75% of oral fructose is converted to both liver and 
muscle glycogen (Niewoehner et al., 1984) and such increased glycogen storage 
would be expected to result in depressed caloric consumption. 

Although their total food intake and pattern of selection did not differ significantly, 
the sucrose group gained weight at a significantly greater rate than the corn starch 
group, in agreement with the work of Hill et al (1980). On the other hand, the 
significant differences in total food intake and pattern of selection with sucrose and 
glucose feeding were associated with similar growth rates. These data suggest that 
different carbohydrate sources bring different metabolic consequences. 

The present results indicate that dietary glucose, considered as the most in- 
sufinogenic sugar (Reiser and Hallfrisch, 1987), caused significant increase in total 
food intake mainly due to increase in protein intake, relative to the other carbohydrate 
sources. Glucose AV difference was also higher with glucose feeding, suggesting an 
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enhanced glucose utilization. This is in part consistent with the metabolic effects of 
sugars and their implications in food intake in which an enhancement of appetite 
has been explained by the insulinogenic response that provokes a decrease in plasma 
glucose, an increase in glucose utilization, and an eventual deficit of available glucose 
(Larue-Achagiotis and Le Magnen, 1985; Campfield a at., S985). However, the 
present data do not demonstrate the involvement of insulin in food intake of glucose- 
fed animals. Among the literature supporting a role of insulin in food intake a single 
composite diet was generally used (see review from Woods et ai, 1986). The self- 
selection paradigm in the present work has shown that animals which were fed 
glucose selected more protein thereby increasing their total food intake. A different 
outcome for a balanced diet versus a high-protein one with regards to insulin 
secretion is legitimate. 

The present data also show that feeding with dietary glucose as the mam 
carbohydrate source gave the highest glycemic response in both arterial and venous 
blood, the lowest one with fructose and corn starch, and an intermediate one with 
sucrose feeding. These results are consistent with those obtained by Jenkins et a!. 
(1981) using acute test meals, feeding 50 g of either glucose, sucrose or fructose to 
normal volunteers. Rodin et at (1.988) have also reported that, in humans, fructose 
is associated with markedly lower postabsorptive plasma glucose levels when com- 
pared to glucose. 

Glucose is the primary substrate for the central nervous system (CNS) metabolism. 
When this substrate is insufficient for the metabolic needs of CNS neurons, com- 
pensatory behavioral and autonomic responses are elicited to elevate circulating 
glucose levels and increase its availability (Himsworth, 1970; Smith and Epstein, 
1969). Since fructose is a metabolic fuel readily utilized by the liver (Reiser and 
Hallfrisch, 1987), and therefore does not easily cross the blood-brain barrier (Rapo- 
port, 1976), the higher percentage of energy selected as protein (furnishing substrate 
for gluconeogenesis) and the high insulin secretion observed in response to fructose 
feeding in the present study, could be part of such a compensatory response. The 
present experiment shows that the absolute plasma glucose values did not differ 
reliably as a function of the differences in carbohydrate intakes but rather according 
to the type of sugar presented. Moreover lower arterial and venous glucose levels 
were associated with corn starch and fructose feeding and higher levels with sucrose 
and glucose feeding. The insulin response to the different carbohydrates followed a 
somewhat different pattern and the AV differences of insulin suggested the highest 
insulin secretion after fructose feeding whereas highly variable and inconsistent 
results were obtained for AV difference of insulin following corn starch, sucrose and 
glucose feeding. The differential selection of protein and carbohydrate could possibly 
explain the different insulin selection patterns, since in addition to stimulating glucose 
utilization insulin also has pronounced effects on amino acid and lipid metabolism 
as well as a number of other intracellular processes. There are then a variety of ways 
in which insulin secretion can be stimulated and fructose feeding may have caused 
insulin release because of the associated high percentage of energy selected as protein 
and its amino acid content, Fructose, a monosaccharide, is a component of the 
disaccharide sucrose, and even if insulin is not required for its absorption (see review 
by Van den Berghe, 1978), some studies have reported that fructose is insulinogenic 
when blood glucose is elevated to postprandial levels (Dunnigan and Ford, 1975; 
Reiser et a!., 1987). This may not have the same regulatory effect on food intake. 
Indeed, in the present work both fructose and sucrose feeding were associated with 
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lower total food intake but were opposed in terms of carbohydrate (high with sucrose 
but low with fructose) and protein (high with fructose but low with sucrose) selections. 
Evidence from many studies support a potential role of plasma-derived insulin in 
the regulation of food intake. It has been demonstrated that raising plasma insulin 
levels by feeding, glucose infusion, or insulin infusion results in significant elevation 
of insulin levels in cerebrospinal fluid of rats, and this would, in turn, suppress food 
intake (Figlewicz el al, 1987), In the present study, the elevated insulin secretion 
without causing severe hypoglycemia in the fructose fed group, would be consistent 
with the suppressed eating effect observed in this group. Such a fact has been 
proposed by Vander Weele et al. (1980), who showed that during infusion of small 
amounts of insulin subcutaneously to rats via osmotic minipumps, the smallest doses 
of insulin had no effect at all, whereas, slightly larger doses, which raised plasma 
insulin without causing hypoglycemia, reduced food intake and body weight, and 
larger doses of insulin, which caused hypoglycemia, increased food intake. 

It has been shown that manipulation of 5-HT metabolism produces marked 
changes in food intake, food preference and body weight, with the most consistent 
effect being the suppression of food intake by experimental treatments that directly 
or indirectly activate 5-HT receptors (see Blundell, 1988 for review). Under carefully 
chosen experimental conditions to ensure reliable changes in brain 5-HT metabolism 
during the period that food selection is measured in adult male rats (using 0 and 
55% casein diets), Arimanana el al. (1984) obtained results consistent with the 
prediction that accelerating brain 5-HT synthesis should lead to a preference for 
protein and lowering brain 5-HT should diminish protein preference. The present 
results show that, in all brain areas of the fructose-fed group, the concentrations of 
tryptophan, 5-HT and the value of the 5-HIAA to 5-HT ratio varied in the opposite 
direction to those observed in glucose-fed animals. This is of particular interest in 
view of the fact that fructose and glucose groups also displayed opposite feeding 
behaviour. Despite higher concentrations of tryptophan, the lower concentrations 
of 5-HT and 5-HIAA in the thalamus, raphe nuclei and brain stem of rats fed 
fructose may reflect decreased 5-HT metabolism, even though the ratio of 5-HIAA 
to 5-HT in these structures was significantly higher when compared to that of rats 
fed glucose. On the other hand, the latter brain parameters were suggestive of a 
higher 5-HT metabolism in the hypothalamus of the fructose-fed group. Thus it can 
be suggested that the fructose-feeding associated lower total energy intake coupled 
with a high %E-PRO and a low %E-CHO is reflected by low serotoninergic activity 
in extrahypo thalamic areas and high serotoninergic activity in the hypothalamus, 
whereas the selection patterns and serotoninergic events with glucose feeding were 
in the opposite direction. Ashley et al. (1979) have demonstrated that long-term 
depletion of brain 5-HT induced by PCPA, 5, 7-dihydroxy(ryptamine or lesions of 
the raphe nuclei results in chronic suppression of protein intake, enhancement of 
carbohydrate intake but unaltered total food energy consumed. On the other hand, 
if synaptic levels of 5-HT are increased by injecting small doses of fenfluramine (a 
5-HT reuptake blocker) to rats given access to diets containing 5 or 45% casein 
during an 8-h dark period, there is a transient rise in the proportions of calories 
eaten as protein, consistent with the known action of fenfluramine which causes an 
initial release of 5-HT into the synaptic cleft and hence increases activity in sero- 
oninergic neurons (Fuxe et al., 1975), and this pattern of intake was followed by a 
reduction in total energy intake (Wurtman and Wurtman, 1977), However, when 
considered over the full day, fenfluramine reduces the absolute intake of protein, 
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but not of carbohydrate (Li and Anderson, 1983), which is consistent with the long- 
term effect of depleting neurons of 5-HT and eventual decreased activity of 5-HT 
in the neurons (Garattini et ai, 1975). Leathwood and Ashley (1983) reported that 
in adult rats offered pairs of diets containing either 0 or 60% casein, there was a 
highly significant inverse correlation between energy intake and whole brain 5-HT, 
5-HIAA or 5-HT + 5-HIAA levels and this was independent of the protein or 
carbohydrate intake. In these previous studies, however, assessment of 5-HT in the 
whole brain did not allow a precise anatomical location of the effects. The present 
data obtained with sucrose and fructose feeding tend to partly support the latter 
findings since both groups showed (he lowest total food intakes but opposite 
carbohydrate and protein selection patterns and resulted in hypothalamic parameters 
suggesting a higher 5-HT synthesis and extra-hypothalamic ones in the opposite 
direction. However, fructose feeding was associated with a significantly higher %E- 
PRO and a significantly lower %E-CHO than those of the other experimental groups; 
a higher tryptophan and lower 5-HT and 5-HIAA levels in the raphe nuclei than 
those of the corn-starch- and glucose-fed animals were also found. The cell bodies 
of serotonin-containing neurons in the mammalian central nervous system are 
localized primarily in the raphe nuclei of the brainstem (Steinbusch, 1984), which have 
been selectively affected by fructose feeding in the present work. The hypothalamus, 
however, comprises different nuclei with different roles in feeding behaviour which 
could have been differentially affected by the chemically different carbohydrates, but 
the present study did not allow such anatomical localization. In a recent trial adult 
male rats were infused bilaterally in the VMH with fructose (200 nmol/h) for 7 days 
and offered macronutrients in three separate diet rations. A 50% reduction in energy 
intake and carbohydrate selection was observed during fructose infusion when 
compared to the pre- and postinfusion periods (L. Thibault and K. Nagai, unpublished 
results). 

In the rat, the first relay nucleus for visceral and taste information is the nucleus 
of the solitary tract. After a major projection to the parabrachial nucleus in the 
pons, the pathway bifurcates with one branch going to the ventro-basal complex of 
the thalamus and then to the gustatory cortex whereas the other branch goes to the 
hypothalamus and limbic system (Norgren and Leonard, 1973; Ricardo and K.oh, 
1978). The present results suggest that inputs from feeding with chemically different 
sugars are integrated at various levels in the brain, characterized by lowered 5-HT 
synthesis in raphe nuclei, brainstem and thalamus but enhanced synthesis in the 
hypothalamus with fructose and sucrose feeding when compared to glucose feeding, 
thus supporting the hypothesis of a brain hierarchical organization of feeding 
behaviour, as also suggested by Norgren et al. (1977). 

In conclusion, the present results suggest that chemically different carbohydrates 
alter total food intake and selection in a two choice system (0 and 60% casein diets), 
and are reflected by different arterial and venous glucose and insulin levels as well 
as by distinct brain serotoninergic metabolism responses in different neuroanatomical 
systems. The brain serotonin systems were affected by the pattern of carbohydrate and 
protein selection but similar selection patterns elicited by two different carbohydrate 
sources could also result in different brain serotoninergic metabolism, thus showing 
the importance of considering the nature of dietary carbohydrates in feeding re- 
gulation. Although the present work seems to relate peripheral and central events 
to the selection pattern and total food intake elicited by different dietary car- 
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bohydrales, the possibility remains that the carbohydrate source per se is the 
responsible factor. 
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Plasma insulin responses after ingestion of different amino acid or 
protein mixtures with carbohydrate 1-3 



Luc JC van Loon, VHm HM Saris, Hans Verhagen, and Anton JM Mhgenmakers 



ABSTRACT 

Background: Protein induces an increase in insulin concentra- 
tions when ingested in combination with carbohydrate. Increases 
in plasma insulin concentrations have been observed after the 
infusion of free amino acids. However, the insulinotropic prop- 
erties of different amino acids or protein (hydrolysates) when co- 
ingested with carbohydrate have not been investigated. 
Objective: The aim of this study was to define an amino acid 
and protein (hydrolysate) mixture with a maximal insulinotropic 
effect when co-ingested with carbohydrate. 
Design: Eight healthy, nonobese male subjects visited our labo- 
ratory, after an overnight fast, on 10 occasions on which differ- 
ent beverage compositions were tested for 2 h. During those 
trials the subjects ingested 0.8 g- kg -1 - h _1 carbohydrate and 
0.4g-kg _1 -h _1 of an amino acid and protein (hydrolysate) mixture. 
Results: A strong initial increase in plasma glucose and insulin 
concentrations was observed in all trials, after which large dif- 
ferences in insulin response between drinks became apparent. 
After we expressed the insulin response as area under the curve 
during the second hour, ingestion of the drinks containing free 
leucine, phenylalanine, and arginine and the drinks with free 
leucine, phenylalanine, and wheat protein hydrolysate were fol- 
lowed by the largest insulin response (101% and 103% greater, 
respectively, than with the carbohydrate-only drink; P< 0.05). 
Conclusions: Insulin responses are positively correlated with 
plasma leucine, phenylalanine, and tyrosine concentrations. A 
mixture of wheat protein hydrolysate, free leucine, phenylala- 
nine, and carbohydrate can be applied as a nutritional supple- 
ment to strongly elevate insulin concentrations. Am J Clin 
Nutr 2000,7296-105. 

KEYWORDS Insulin secretion, amino acid supplementation, 
protein hydrolysates, leucine, arginine, phenylalanine, glutamine, 
healthy men 



INTRODUCTION 

The synergistically stimulating effect of the combined intake 
of carbohydrates and protein on plasma insulin concentrations 
was described for the first time in the 1960s (1, 2) and was con- 
firmed later by Nuttall et al (3, 4). The insulinotropic effect of 
intravenous amino acid administration was also studied in the 
1960s by Floyd et al (5- 10). Infusion of several amino acids led 
to significant increases in plasma insulin. A mixture of 10 amino 



acids and equimolar quantities of arginine or leucine only 
were found to be the most potentiating. Floyd et al also 
observed a synergistic effect when glucose was administered 
intravenously with these amino acids. After different combina- 
tions of amino acids were investigated, the combined intravenous 
administration of arginine-leucine and arginine-phenylalanine, 
together with glucose, resulted in the largest increase in 
plasma insulin concentrations. Several in vitro studies using 
incubated (J-cells of the pancreas showed strong insulinotropic 
effects of arginine, leucine, phenylalanine, and leucine in 
combination with glutamine (11-20). 

A strong elevation of plasma insulin concentrations after the 
ingestion of carbohydrates in combination with a highly insulino- 
tropic amino acid and protein mixture could be of experimental as 
well as practical importance. For example, in metabolic research 
such a mixture could be used as a tool to elevate insulin concen- 
trations in vivo without intravenous insulin administration. In 
patients with type 2 diabetes, the mixture could be used as a 
means of evaluating the responsiveness of the pancreas. Although 
more research should be performed, such a mixture could possi- 
bly also be of use as a nutritional insulinotropic supplement 
during the early stages of declining insulin sensitivity in type 2 
diabetes, potentially postponing patients' dependency on exoge- 
nous insulin administration. In sports nutrition, the addition of an 
insulinotropic amino acid and protein mixture to carbohydrate 
drinks could represent a means of increasing postexercise glyco- 
gen synthesis rates, as was shown by Zawadzki et al (21), and was 
investigated by us in another study (22). 

Currently there is no literature available that provides clear 
insight into the type, combination, and quantity of free amino 
acids or protein sources that should be taken orally in combination 
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TABLE 1 

Composition of the 10 test drinks 



Test drink 


1 


2 


3 


4 


5 


6 


7 


8 


9 


10 
























Arginine 


— 


57. 1 


19.0 


143 


— 





— 


— 


— 


9.50 


Glutamine 


— 


— 


— 


143 


— 





— 


— 


— 


— 


Leucine 


— 


— 


19.0 


143 


— 





— 


— 


143 


9.50 


Phenylalanine 


— 


— 


19.0 


143 


— 





— 


— 


143 


9.50 


Whey hydrolysate 


— 


— 


— 


— 


57.1 




— 


— 


— 


— 


Pea hydrolysate 












Of. 1 










Wheat hydrolysate 














57.1 
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Casein (milk protein) 
















57.1 






Glucose 


57.1 


57.1 


57.1 


57.1 


57.1 


571 


57.1 


57.1 


57.1 


57.1 


Maltodextrin 


57.1 


57.1 


57.1 


57.1 


57.1 


571 


57.1 


57.1 


57.1 


57.1 


Sodium saccharinate 


0.20 


Q20 


0.20 


Q20 


Q20 


0.20 


0.20 


0.20 


Q20 


0.20 


Citric acid 


1.80 


1.80 


1.80 


1.83 


1.80 


1.80 


1.801 


1.80 


1.80 


1.80 


Cream vanilla flavor 


5.CX) 


5.00 


500 


500 


5. CO 


5.00 


5.00 


5.00 


500 


5.00 
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with carbohydrates to maximize the in vivo insulin response. The 
aim of this study was to define an amino acid and protein 
(hydrolysate) mixture with an optimal insulinotropic effect when 
added to a carbohydrate drink. A total of lOdrinks were tested in 
healthy subjects after an overnight fast to investigate the 
insulinotropic potential of several free amino acids, protein 
hydrolysates, and an intact protein. Because it was our aim also 
to investigate the efficiency of such an insulinotropic mixture in 
increasing postexercise muscle glycogen synthesis (22), similar 
amounts of carbohydrate and of the amino acid or protein 
(hydrolysate) mixture were administered, as used previously by 
Zawadzki et al (21). The choice of the free amino acid composi- 
tions tested in this study was based mainly on the outcome of 
studies by Floyd et al (5- 10). 



SUBJECTS AND METHODS 
Subjects 

Eight healthy, nonobese male subjects [x± SE age: 21 + 0.4y; 
weight: 739 + 2.2 kg; height: 186+ 2 cm; BMI (in kg/m^): 
21. 4± 0.7] participated in this study. All subjects were informed 
about the nature and risks of the experimental procedures before 
their informed consent was obtained. The study was approved by 
the Ethical Committee of the Academic Hospital Maastricht. 

Experimental trials 

Each subject participated in 10 trials, separated by >3d, in 
which lOdifferent beverages were tested. All studies lasted 2h, 
during which the subjects were seated and remained inactive. 
In the initial part of the study, test drinks 1 to 8 (see below) 
were tested. Beverages 9 and 10 were composed and tested 
within 3 wk after analysis of the acquired data on test drinks 
1-8 In both parts of the study, beverages were provided in a 
random, double-blind fashion. All drinks were vanilla flavored 
so that the taste would be similar in all trials. The subjects were 
instructed to refrain from any sort of heavy physical labor and 
to keep their diets as constant as possible the day before the tri- 
als. The subjects had to fast for 12 h before reporting to the lab- 
oratory; during that period, the subjects were allowed to drink 
water or tea (without sugar). 



Protocol 

The subjects reported to the laboratory at 0830 after an 
overnight fast. A polytetrafluoroethylene catheter (Quick-Cath; 
Baxter Healthcare SA, Swinford, Ireland) was inserted into an 
antecubital vein and a resting blood sample was drawn at time 
zero. Immediately thereafter, the subjects drank an initial bolus 
(3.5mL/kg) of a given test drink. Repeated boluses (35mL/kg) 
were taken every 30min for 90min. Blood samples were drawn 
at ISmin intervals for measurement of plasma glucose and 
insulin concentrations. Amino acid concentrations were meas- 
ured in blood samples taken at 0, 60, and 120 min. 

Beverages 

At 0, 30, 60, and 90 min, the subjects received a beverage vol- 
ume of 35 mL/kg to ensure a given dose of 0.8 g carbohy- 



TABLE 2 

Amino acid composition of hydrolysates and intact casein protein 



Amino acid 



Whey 



Pea 



Wheat 



Casein 



% bywt 



I Alanine 


47 


38 


1.8 


31 


L-Cysteine 


1.2 


Q4 


Q9 


Q4 


L-Aspartate 


54 


44 


0.2 


37 


L-Glutamate 


9.1 


7.4 


32 


11.2 


L-Phenylalanine 


24 


32 


48 


54 


L Glycine 


1.6 


28 


28 


1.9 


L-Histidine 


1.6 


1.7 


1.6 


32 


L-Isoleucine 


51 


24 


26 


58 


L-Lysine 


84 


5.9 




83 


L-Leucine 


87 


5.1 


5.6 


1Q1 


L-Methionine 


1.3 


0.6 


1.1 


30 


L-Asparagine 


44 


38 


1.9 


37 


L-Proline 


59 


28 


123 


1Q5 


L-Glutamine 


7.4 


66 


29.0 


11.2 


L-Arginine 


20 


69 


22 


38 


L-Serine 


51 


40 


44 


63 


L-Threonine 


66 


28 


20 


46 


L-Valine 


45 


27 


30 


7.4 


L-Tryptophan 


1.2 






1.4 


L-Tyrosine 


23 


26 


25 


58 
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FIGURE L Mean (+SE) plasma glucose concentrations after ingestion of the control drink and drinks containing free amino acids (A), the control 
drink and drinks containing hydrolysates and an intact protein (B). and the control drink and drinks containing mixtures of hydrolysate and free amino 
acids (C). n = 8 For the exact compositions of the different drinks, see Tables 1 and 2 



drate/kg (50% as glucose and 50% as maltodextrin) and 0.4g/kg 
of an amino acid and protein (hydrolysate) mixture every hour. 
The compositions of all test drinks are listed in Table 1. Glucose 
and maltodextrin were obtained from AVEBE (Veendam, Nether- 
lands), crystalline amino acids were obtained from BUFA (Uit- 
geest, Netherlands), protein hydrolysates were prepared by 
Quest (Naarden, Netherlands), and sodium-casein was obtained 
from DMV (Veghel, Netherlands). Amino acid profiles of the 
protein hydrolysates and the intact protein tested were provided 
by the manufacturers and are listed in Table 2 All test drinks 
were uniformly flavored by adding 0.8 g sodium-saccharinate 
solution (29%, by wt), 3.6 g citric acid solution (50%, by wt), 
and 5g of a cream vanilla flavor (Quest) for each 1-L drink. 



Analysis 

Blood (4 mL) was collected in EDTA-containing tubes and 
centrifuged at 1000 X g and 4°C for 5 min. Aliquots of plasma 
were frozen immediately in liquid nitrogen and stored at — 40°C. 
Glucose (Uni Kit III, 07367204 La Roche, Basel, Switzerland) 
was analyzed with the Cobas Fara semiautomatic analyzer 
(Roche, Basel, Switzerland). Insulin was analyzed by radioim- 
munoassay (Insulin RIA 100 kit; Pharmacia, Uppsala, Sweden). 
Plasma (200 |jlL) for amino acid analysis was deproteinized on 
ice with 50% (wt:vol) 5sulfosalicylic acid and mixed, and the 
clear supernate obtained after centrifugation was stored at — 80°C 
until analyzed. Amino acids were analyzed on an automated 
dedicated amino acid analyzer (LC5001; Biotronik, Miinchen, 
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FIGURE 2 Mean (+SE) total 2-h plasma glucose responses (area 
under the curve; AUC) to each test drink, n = 8 Significantly different 
from drink 3 P < 0.05. For the exact compositions of the different 
drinks, see Tables 1 and 2 



FIGURE 3 Mean (+SE) 2nd-h plasma glucose response (area under 
the curve; AUC) to each test drink, n = 8 For the exact compositions of 
the different drinks, see Tables 1 and 2 
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FIGURE 4 Mean (+SE) plasma insulin concentrations after ingestion of the control drink and drinks containing free amino acids (A), the control 
drink and drinks containing hydrolysates and an intact protein (B), or the control drink and drinks containing mixtures of hydrolysate and free amino 
acids, n = 8 For the exact compositions of the different drinks, see Tables 1 and 2 To convert from pmol/L to mU/L, divide by 7.25. 



| Germany) with use of a cationic exchange resin (type BTC271Q 

1 Biotronik), a gradient of lithiumcitrate elution buffers, and post- 

1 column derivatization with ninhydrin, all according to working 

1 recipes of the suppliers. The same procedures were performed to 

1 determine the amino acid composition of the protein (hydro- 

I lysates), except that a different amino acid analyzer was used 

I (Pharmacia LKB Biotechnology, Roosendaal, Netherlands). 

1 Calibration curves of the amino acids were obtained by using 

I commercial amino acid mixtures. Norvaline was used as internal 

I standard and added to all plasma samples before deproteinization. 

1 Questionnaires 
1 

I After ingesting the beverage at GO min and at the completion of 

I each trial, the subjects were asked to fill out a questionnaire 

1 that contained questions about gastrointestinal discomfort and 

1 other complaints at that time. The presence of nausea, bloated 

| feeling, belching, gastrointestinal cramping, vomiting, diarrhea, 

1 urge to defecate, urge to urinate, headache, and dizziness was 

:| scored on a 10-point scale (1, absent; 10, strongly present). 
1 

:| Statistics 

:| All data are expressed as means + SEMs (n = 8). The plasma 

| glucose, insulin, and amino acid responses were calculated as 

| area under the curve above baseline value (at Omin). Statistical 

:| analysis of the data was performed by using a 2-factor (treat- 

:| ment and subjects) repeated-measures analysis of variance 

| (ANOVA). Differences between drinks were tested for signifi- 

| cance by using Tukey's post hoc test. In addition, simple regres- 

| sion analysis was performed to calculate correlations between 

| the insulin response and the different plasma amino acid 

| responses. Significance was set at P < 0.05. 

I 

I RESULTS 

I 

:| Ingestion of all drinks resulted in an increase in plasma glucose 

:| concentrations during the first 30 min, after which concentrations 



decreased and stabilized during the second hour (Figure 1). After 
the glucose response was expressed as area under the curve (above 
baseline) during the entire 2-h trial, significant differences were 
found between drinks 3 and 7 (Figure 2 arginine, leucine, and 
phenylalanine and wheat protein hydrolysate, respectively). When 
we focused on the second hour, we found no significant differ- 
ences in glucose response between the trials (Figure 3). 

From baseline onward, plasma insulin concentrations strongly 
increased for the first 30-45 min. After this strong initial 
increase, insulin concentrations reached a plateau in trials 1 and 
2, ie, the control (carbohydrate only) and arginine drinks, respec- 
tively (Figure 4A). Plasma insulin concentrations after the 
ingestion of drinks 5 5 7, and 8 increased more and leveled off 
between 45 and 60 min (Figure 4B). Insulin concentrations after 
ingestion of free amino acid-containing drinks 3 4 9, and 10 
continued to increase during the last 30min (Figure 4, A and C). 
After we expressed the insulin response as the area under the 
curve (above baseline) during the entire 2-h period, we found 
significant differences between drink 2 and drinks 3, 4, 7, and 9 
(126%, 124%, 122%, and 105% greater than with drink 2, 
respectively) (Figure 5). Compared with the control trial, mean 
differences as large as 57%, 55%, 54%, and 42%, respectively 
were found (not significant). Because of the large intersubject 
variability during the first 45-60 min, caused by differences in 
gastric emptying and absorption rates, insulin responses were 
calculated over the second hour. During the second hour plasma 
insulin responses measured during the administration of drinks 3 
and 9 were 2-fold higher than with the carbohydrate-only drink 
(101% and 103% greater, respectively) (Figure Q. Insulin 
responses after ingestion of drinks 3 4, 7, and 9 were also signi- 
ficantly higher than after ingestion of the arginine drink (Figure 
6). Insulin concentrations at 120 min were substantially higher 
after ingestion of drinks 3 and 9 than after ingestion of the con- 
trol drink (122% and 106% greater, respectively). 

Mean plasma amino acid concentrations at baseline, 60 min, 
and 120 min are reported in Tables 3 4 and 5 Plasma amino 
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FIGURE 5 Mean (±SE) total 2-h plasma insulin response (area 
under the curve; AUC) to each test drink, n = 8 "Significantly different 
from drink 2, P < 0.05. For the exact compositions of the different 
drinks, see Tables 1 and 2 
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FIGURE 6 Mean (±SE) 2nd-h plasma insulin response (area under 
the curve; AUC) to each test drink, n = 8 "Significantly different from 
drink 1 (control), P < 0.05. Significantly different from drink 2, P < 
0.05. For the exact compositions of the different drinks, see Tables 1 and 2 
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acid responses were calculated as area under the curve above 
baseline values. A complete overview of the plasma amino acid 
responses and the significant differences between the ingestion 
of the various mixtures is provided in Table 6 Only the findings 
most relevant to the aim of this study are discussed below. Plasma 
leucine, phenylalanine, and arginine concentrations increased 
significantly more after ingestion of drink 3 than after ingestion 
of all other drinks and in parallel showed one of the highest 



insulin responses. Ingestion of the other free amino acid-con- 
taining drinks (4, 9, and 10) also resulted in significantly higher 
plasma leucine and phenylalanine responses than did ingestion 
of the other drinks (1,2,5, S 7, and 8). Although the amount of 
free arginine administered in drink 2 was substantially larger 
than that provided in drinks 3, 4, and 10, the increase in plasma 
arginine concentrations was significantly lower after ingestion of 
drink 2than after ingestion of drinks 3, 4, and 10. Addition of the 



TABLE 3 

Plasma amino acid concentrations after ingesdon of drinks l-4containing amino acids and carbohydrate' 



jjmol/L 



Threonine 


102 ± 


7 


90± 


6 


82 + 


6 


108 ± 


2 


99 ± 


6 


87± 


3 


103 ± 


5 


85 ± 


6 


04 ± 


4 


93+ 


5 


77± 


5 


01 ± 


4 


Serine 


91 ± 


5 


81 ± 


6 


70± 


5 


98± 


6 


88± 


7 


75 ± 


5 


90+ 


8 


73 ± 


7 


55± 


6 


87 ± 


7 


72± 


6 


57 ± 


5 


Asparagine 


52± 


4 


46± 


4 


42± 


3 


49 ± 


2 


44± 


4 


38+ 


2 


50± 


3 


40± 


3 


31 ± 


2 


48± 


3 


39± 


3 


31 ± 


3 


Glutamate 


78± 


10 


83± 


9 


76± 


10 


124 ± 


11 


1 1 1 =h 


9 


127+ 


5 


110+ 


16 


85± 


10 


73 ± 


10 


115± 


9 


70± 


8 


80± 


8 


Glutamine 


667+ 


32 


624 + 


21 


G00± 


28 


031 ± 


29 


597 ± 


32 


566± 


1 1 


578± 


25 


001 ± 


31 


550 ± 


14 


559 ± 


28 


042± 


29 


616+ 


30 


Proline 


147 ± 


13 


134 ± 


14 


128+ 


15 


162 ± 


18 


164 ± 


25 


154+ 


19 


174+ 


21 


144 + 


18 


124 ± 


18 


160± 


21 


128+ 


20 


112± 


19 


Glycine 


217± 


16 


201 ± 


15 


192 ± 


14 


228± 


11 


203± 


9 


198± 


11 


221 + 


12 


175± 


10 


142 ± 


8 


218+ 


15 


174± 


14 


148+ 


15 


Alanine 


291 ± 


25 


302 + 


21 


306± 


18 


334 ± 


34 


314+ 


32 


359± 


20 


324+ 


31 


297± 


23 


271 ± 


17 


290± 


24 


290± 


20 


284± 


18 


Citrulline 


28± 


2 


16 ± 


1 


12 ± 


1 


30± 


1 


26± 


2 


20± 


2 


28± 


2 


30± 


2 


29± 


2 


28± 


1 


33± 


2 


40± 


3 


a-Aminobutyrate 


21 ± 


2 


20± 


2 


19 ± 


1 


21± 


3 


20± 


3 


18± 


3 


18± 


3 


17± 


3 


15 ± 


1 


21 ± 


2 


19 ± 


2 


16± 


1 


Valine 


224 ± 


7 


195 ± 


7 


169± 


5 


247 ± 


5 


219 ± 


6 


185± 


2 


236± 


9 


194 ± 


7 


118± 


5 


218± 


0 


177± 


0 


111 + 


5 


Methionine 


24 ± 


1 


20± 


1 


16± 


1 


23± 


1 


20± 


1 


15 ± 


1 


22± 


1 


19 ± 


1 


10 ± 


0 


21 ± 


1 


10± 


1 


9± 


1 


Isoleucine 


64± 


1 


48± 


2 


33± 


2 


67 ± 


4 


53 ± 


3 


30± 


2 


62+ 


3 


40± 


2 


11± 


1 


63± 


2 


41± 


3 


11± 


1 


Leucine 


121 ± 


4 


90± 


6 


67± 


4 


131 ± 


3 


108± 


6 


73± 


3 


116± 


5 


568± 


48 


804± 


32 


117± 


4 


502± 


37 


584± 


67 


Tyrosine 


58± 


3 


51 ± 


4 


44± 


3 


61 ± 


3 


52 ± 


4 


42± 


3 


55± 


3 


99± 


8 


131 ± 


12 


50± 


2 


90± 


7 


167 ± 


44 


Phenylalanine 


57 ± 


3 


47 ± 


4 


41± 


3 


67 ± 


2 


57 ± 


3 


49± 


2 


61 ± 


2 


407± 


32 


681 ± 


22 


60± 


2 


328± 


25 


473 ± 


09 


Tryptophan 


44± 


3 


39± 


3 


33± 


3 


45 ± 


2 


43 ± 


3 


37± 


2 


40± 


2 


34± 


2 


23± 


2 


36± 


2 


30± 


1 


37 ± 


17 


Ornithine 


47 ± 


3 


42± 


5 


36± 


3 


53± 


3 


87 ± 


8 


163± 


15 


54± 


5 


143 ± 


11 


260± 


24 


50± 


6 


125 ± 


11 


197 ± 


21 


Lysine 


155 ± 


9 


143 ± 


10 


133± 


8 


168± 


6 


164 ± 


12 


153± 


9 


161 ± 


7 


181 ± 


11 


158± 


8 


143 ± 


7 


149 ± 


8 


124 ± 


15 


Histidine 


73± 


2 


67± 


1 


63± 


2 


79± 


3 


72± 


4 


65± 


3 


72± 


2 


62± 


3 


47 ± 


2 


70± 


2 


01 ± 


3 


52 ± 


2 


Arginine 


76 ± 


5 


66± 


4 


58± 


4 


83± 


2 


164 ± 


8 


286± 


19 


79± 


3 


371 ± 


25 


538± 


29 


75 ± 


3 


299± 


22 


410± 


24 



'x ± SEM; n = 8 For compositions of drinks 1-4 see Tables 1 and 2 
2 Arginine. 

^Leucine, phenylalanine, and arginine. 
^Leucine, phenylalinine, arginine, and glutamine. 
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Drink 1 (control) 


Drink 2? 


Drink 3? 


Drink A 4 


r— 

cr 


Omin 60min 120min Omin 


60min 120min 


Omin OOmin 120min Omin 


OOmin 120min 


TJ 

CD 



o 

CL 



D 

CD 

-a 



CO 
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-a 

CD 
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cr 
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TABLE 4 

Plasma amino acid concentrations after ingestion of drinks 5-8containing protein (hydrolysate) and carbohydrate' 







5 (whey) 






6 (pea) 






7 (wheat) 








8 (casein) 




Omin 


fflmin 


120 min 


Omin 


60 min 


120 min 


Omin 


60 min 


120 min 


Omin 


60 min 


120 min 














fjmolA, 














Threonine 


118± 7 


217± 12 


258± 16 


113± 6 


166± 9 


185±8 


1091 7 


1381 12 


1361 


12 


1131 6 


1261 6 


1251 6 


Serine 


101 ± 7 


150± 11 


155 ± 13 


101 ± 8 


141 ±9 


153±9 


981 7 


1341 8 


1361 


12 


981 10 


1091 11 


1021 10 


Asparagine 


46+ 3 


81 ± 6 


91 ± 7 


54± 4 


98± 8 


115±8 


5212 


621 4 


581 


4 


501 2 


571 3 


571 4 


Glutamate 


56± 5 


62± 5 


55± 4 


63± 9 


60± 9 


69± 10 


1041 10 


861 8 


721 


11 


491 11 


421 6 


431 8 


Glutamine 


756± 25 


815± 29 


816± 36 


663± 25 


725± 30 


727±32 


628123 


7541 21 


7691 


22 


7211 29 


7221 23 


7001 27 


Proline 


174± 21 


205± 24 


306± 25 


173± 20 


226± 25 


252122 


181120 


3271 24 


3931 


31 


1751 19 


2201 23 


2451 20 


Glycine 


244 ± 16 


239± 14 


254 + 20 


238± 8 


285± 12 


307± 14 


2311 11 


2601 14 


2731 


16 


2371 14 


2291 14 


2241 15 


Alanine 


305± 25 


462± 17 


489± 14 


326± 30 


457± 26 


488122 


3171 19 


4251 25 


4381 


17 


3531 30 


3821 19 


3961 14 


Citrulline 


34± 2 


30± 2 


33± 2 


32± 2 


27± 2 


3012 


3212 


371 3 


421 


4 


311 2 


261 2 


251 2 


a-Aminobutyrate 


30± 3 


34± 5 


36± 4 


18± 2 


19± 2 


181 2 


191 2 


21 1 2 


191 


2 


171 2 


171 2 


161 2 


Valine 


254± 10 


366± 11 


403± 8 


241 ± 3 


312 ± 7 


3441 7 


2431 6 


2931 8 


2941 


8 


2481 8 


2681 8 


2621 6 


Methionine 


25+ 1 


40± 1 


47+ 2 


24± 1 


23± 1 


181 1 


241 1 


311 1 


301 


1 


241 1 


271 1 


271 1 


Isoleucine 


69± 4 


155+ 5 


185± 7 


63± 2 


107± 4 


12114 


7012 


981 3 


951 


5 


721 3 


81+3 


791 3 


Leucine 


lol IT O 


^;o_i_ p. 


^y± n o 






213+ 7 


1251 4 


1Q1 _L 7 


1881 


9 


1 OO _1_ A 

l^OlL *± 


1*>1 IT *± 


T?74- A 
L£ 1 IT *± 


Tyrosine 


59± 4 


81 ± 4 


90± 5 


57±2 


82±4 


98+5 


58+ 4 


81 1 5 


931 


6 


5512 


611 3 


62+ 3 


Phenylalanine 


641 3 


80+ 3 


81+2 


59 ± 2 


82±3 


93+2 


60+ 3 


851 2 


971 


3 


6012 


66+2 


66+2 


Tryptophan 


50± 3 


71 ± 4 


76± 4 


52 ± 2 


49 ± 2 


47+3 


46+ 3 


501 


481 


3 


48+2 


50+2 


45+ 3 


Ornithine 


55±5 


72± 5 


77± 5 


56±5 


89± 7 


108+ 7 


54+ 4 


711 4 


791 


6 


59+ 8 


631 7 


62+ 7 


Lysine 


178 ± 10 


323± 10 


374 ± 10 


175±6 


299± 12 


348+ 12 


17118 


1741 12 


1591 


10 


166+9 


192+8 


200+8 


Histidine 


80±3 


94± 4 


93±3 


78± 4 


93±5 


94+4 


80+3 


96+ 3 


981 


3 


7714 


8115 


8114 


Arginine 


83± 5 


107± 4 


113± 4 


82±4 


163± 11 


196+ 13 


82+4 


1(151 5 


1071 


6 


83+3 


86+3 


83+4 


; * + SEM; n = 


8 For composition of drinks 5-8 see Tables 1 and 2 
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free amino acids to a wheat protein hydrolysate in trials 9and 10 
clearly resulted in significantly higher plasma leucine and 
phenylalanine responses than did ingestion of the protein 
(hydrolysates) in drinks 5, 6. 7, and 8 In general, the ingestion 



of the intact protein resulted in less marked increases in various 
plasma amino acid concentrations within the 2-h period than did 
the ingestion of the protein hydrolysates. More detailed informa- 
tion is provided in Tables 3-6 
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TABLE 5 

Plasma amino acid concentrations after ingestion of drinks 9and lOcontaining amino acid or protein hydrolysate and carbohydrate' 



TJ 

CD 





9 (leu/phe and wheat) 






10 (leu/phez&rg and wheat) 




dica 


Omin 


60 min 


120 min 


Omin 


60 min 


120min 


en 
n 



fjmolA, 



Threonine 


104+ 6 


1021 6 


8716 


1071 6 


11118 


991 8 


Serine 


961 8 


99+ 10 


84+9 


99+ 8 


1031 9 


8919 


Asparagine 


521 2 


471 2 


39+3 


531 6 


471 3 


3913 


Glutamate 


711 11 


621 4 


681 7 


561 8 


481 4 


4215 


Glutamine 


6731 12 


7021 12 


6861 29 


702 1 27 


750126 


7401 18 


Proline 


174122 


2071 27 


216121 


193132 


250132 


2571 31 


Glycine 


2391 13 


2171 12 


197+ 13 


2321 11 


2161 10 


2031 13 


Alanine 


3381 21 


346124 


3371 20 


3161 24 


3621 18 


3691 15 


Citrulline 


3312 


371 3 


43+3 


3312 


4113 


4913 


a-Aminobutyrate 


151 1 


141 1 


111 1 


1812 


1712 


1412 


Valine 


2411 7 


2341 5 


18016 


2471 10 


245 1 8 


1881 7 


Methionine 


221 1 


211 1 


161 1 


231 1 


251 1 


191 1 


Isoleucine 


6812 


6512 


3812 


681 4 


701 4 


3912 


Leucine 


1221 4 


5181 37 


6541 43 


1221 4 


455 1 21 


542120 


Tyrosine 


541 3 


1121 9 


1411 10 


5312 


1141 8 


1501 13 


Phenylalanine 


611 3 


3421 34 


526137 


601 1 


2701 19 


4111 19 


Tryptophan 


461 2 


4212 


3212 


4312 


4312 


3512 


Ornithine 


571 5 


6516 


7016 


5815 


12318 


1751 14 


Lysine 


1691 11 


1641 12 


1471 14 


16017 


17719 


1551 11 


Histidine 


7712 


7612 


6912 


7814 


7914 


7013 


Arginine 


831 3 


941 4 


9515 


801 3 


2891 15 


370120 



CD 

■o 



CO 
CD 

-a 

CD 

3 

D- 

CD 



O 



1 x 1 SEM; n = 8 Leu, leucine; phe, phenylalanine; arg, arginine. For composition of drinks 9- 1Q see Tables 1 and 2 
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TABLE 7 

Statistical analysis of questionnaire results' 



Question 








Test drink no. 










1 


2 3 


4 


5 


6 


7 


8 


9 10 


1 (nausea) 


— 








— 


— 


— 




2 (bloated feeling) 


4 




— 


4 




4 


6 


4 


3 (belching) 


3 


3 




3 




3 


34 


3 


4 (gastrointestinal cramps) 


















5 (vomiting) 


















6 (diarrhea) 


2 


2 


2 


2 


2 


2 


2 


2 2 


7 (urge to defecate) 


2 


2 


2 


2 


2 


2 


2 


2 2 


8 (urge to urinate) 


















9 (headache) 


4 








4 


4 


4 


4 4 


10 (dizziness) 


















'The numbers within the table represent the drinks with a significantly (P < 


O.CQ higher score 


for the indicated symptom 


compared with the drink indi- 



cated in the column head. 

Strong positive correlations were found between insulin 
responses and increases in plasma leucine (P < 0.003), 
phenylalanine (P < 0.02), tyrosine (P < 0.0001), and citrulline 
(P < 0.0023). A significant negative correlation was observed 
between insulin responses and plasma glutamate (P < 0.02) 
concentrations. 

The data derived from the questionnaires were analyzed, and 
significant differences between drinks are indicated in Table 7. 
Gastrointestinal problems were found after administration of the 
arginine drink (2). Subjects scored higher for presence of urge to 
defecate and diarrhea (3. 1 and 34 respectively) after ingestion of 
drink 2 than after ingestion of all other drinks (1.2 and 1.0, 
respectively). Eventually, all subjects experienced severe diarrhea 
for several hours during and after ingestion of test drink 2 (Q4g 
arginine kg body wt _1 -h _1 ). This was not observed in trials 3and 
4 in which dosages of 0.13 and 0.10 g arginine-kg body 
wt _1 -h _1 , respectively, were ingested. Furthermore, significantly 
higher scores for the presence of headache and bloated feeling 
were reported after ingestion of the free amino acids in drink 4 
(1.6 and 3.3 respectively) than after ingestion of several other 
test drinks (mean overall score: 1.1 and 1.7, respectively). In 
addition, a significantly higher score for belching was found after 
ingestion of the free amino acids in drink 3 (score: 34) than after 
ingestion of several other test drinks (mean overall score: 1.8). 
These symptoms were absent in the trials that combined those 
free amino acids with a wheat protein hydrolysate (Table 7). 

DISCUSSION 

The results of this study indicate that oral ingestion of some 
amino acid mixtures in combination with carbohydrates can pro- 
duce strong insulinotropic effects. Four free amino acids 
(leucine, phenylalanine, arginine, and glutamine) were tested. 
Several in vitro studies showed that these amino acids have a 
strong stimulating effect on insulin release by pancreatic (5-cells 
(12-14, 19). Floyd et al (5, 7) observed that 30 g arginine 
injected intravenously in vivo in human subjects led to an equal 
insulin response as occurred with the mixture of 10 amino acids 
(30 g in total; arginine, lysine, phenylalanine, leucine, valine, 
methionine, histidine, isoleucine, threonine, and tryptophan). 

The data in this study show clearly that oral ingestion of large 
amounts of free arginine (0.4 g arginine-kg body wt -1 -h _1 , as 
ingested in trial 2) is not an effective means of increasing plasma 
insulin concentrations (Figure 4A) and plasma arginine concen- 



trations (Table 3). Ingestion of drink 2 caused severe diarrhea 
and the urge to defecate in all subjects for several hours during 
and after the trial. These gastrointestinal problems appeared to 
prevent intestinal absorption of the arginine because lower con- 
centrations of arginine were seen in plasma after ingestion of 
drink 2 than after ingestion of drinks 3, 4 and 10 (ingestion rates 
of 0.13, 0.10, and 0.07 g arginine-kg body wt _1 -h _1 , respec- 
tively). These problems also indicate that in sports practice, 
ingestion of large amounts of arginine to stimulate growth hor- 
mone release and muscle anabolism is not recommended. On the 
other hand, low doses of arginine (< 2 g), as present in commer- 
cial sports supplements, do not increase plasma insulin and 
growth hormone concentrations (23-25). 

In later studies, Floyd et al (8 9) investigated the combined 
effect of intravenous administration of glucose with combina- 
tions of amino acids and found that arginine-leucine and argi- 
nine-phenylalanine resulted in the strongest increase in plasma 
insulin concentrations. We investigated the insulinotropic effect 
of oral administration of a mixture of arginine, leucine, and 
phenylalanine (drink 3). A significantly greater insulin response 
was seen compared with the control trial (101% greater: P< 0.05). 
The increased plasma insulin concentration was attended by a 
strong significant increase in plasma arginine, leucine, and 
phenylalanine concentrations (Tables 3and 

Sener and Malaisse (1Q observed that the addition of leucine to 
the incubation medium stimulates insulin release by pancreatic 
fi cells in vitro. The mechanism behind this effect was investi- 
gated, and it was found that leucine activates glutamate dehydro- 
genase activity in pancreatic [3-cells. This subsequently leads to an 
increase in tricarboxylic acid cycle activity and oxygen consump- 
tion of the pancreatic fi-cells and is attended by increased insulin 
production. The addition of glutamine to the incubation medium 
potentiates the leucine-induced increase in insulin release by pro- 
viding substrate for glutamate dehydrogenase, whereas glutamine 
per se has no effect (1Q- Consequently, we studied the effect of 
the addition of glutamine to drink 4 However, we observed no dif- 
ferences in insulin response between trials 3 and 4 suggesting that 
in humans in vivo, enough glutamine is present (000-830 jimol • L~ 1 
in plasma; Table 3) to serve as fuel for the pancreas. Also note 
that the addition of free glutamine hardly influenced plasma glu- 
tamine concentrations. Plasma glutamine responses after the 
ingestion of drink 4 were in fact not significandy different than 
after ingestion of most other drinks (drinks 3 5-7, 9, and 1Q 
Tables 4 and 5). No significant differences were found between 
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the insulin responses in test trials 5, 6, and 7 and the carbohy- 
drate-only trial. Nonetheless, mean insulin responses were 53%, 
25%, and 81% greater, respectively, than those observed in the 
control trial. There were no differences in plasma leucine and 
phenylalanine responses between the different protein hydro- 
lysates tested (Tables 4 and £5). None of the hydro lysates was 
associated with gastrointestinal or other complaints. 

To compare the insulinotropic effect of the ingestion of the 
protein hydrolysates with that of an intact protein, sodium -casein 
was provided in drink 8 This resulted in an insulin response that 
was not significantly different from that found with the control 
trial (30% greater) and tended to be less than the responses 
observed after ingestion of the protein hydrolysates (drink 5 
and 7). After ingestion of the intact protein, plasma amino acid 
responses over this 2-h period were in general lower than the 
responses observed after ingestion of the protein hydrolysates 
(Table 6). Wfe conclude that the use of protein hydrolysates is 
preferred to stimulate insulin secretion because this results in a 
faster increase in plasma amino acid concentrations during a 2-h 
period than does intact protein. Another practical disadvantage 
of the use of an intact protein when ingested as a drink is that 
most intact proteins have poor solubility in water. 

On the basis of the results obtained after trials 1-8 it was con- 
cluded that ingestion of free glutamine is not required to obtain an 
optimal insulin response, whereas the use of free arginine should 
be restricted to low doses. It was further concluded that ingestion 
of relative large quantities of amino acids (arginine, leucine, 
phenylalanine, and glutamine) can cause gastrointestinal and other 
complaints (drinks 2, 3, and 4 Table 7). In an attempt to combine 
gastrointestinal tolerance and palatability with a maximal insulin 
response, drinks 9 and 10 were prepared. Ingestion of both drinks 
resulted in large insulin responses. In trial 9, leucine and pheny- 
lalanine were ingested in combination with the wheat protein 
hydro lysate and we observed a larger insulin response (103% 
greater, P < Q05) than with the carbohydrate-only trial that was 
similar to the response found in trial 3 but without the occurrence 
of any gastrointestinal and other complaints. Plasma leucine and 
phenylalanine responses were higher than with the control, argi- 
nine, and protein (hydrolysate) drinks but were lower than the 
response after the ingestion of drink 3 In trial 10, free arginine 
was added to this mixture, but this showed no further increase in 
insulin response (63% greater than with the control trial). 

Regression analysis of the insulin responses and the changes 
in plasma amino acid concentrations over the 2-h period showed 
a strong positive correlation between the observed insulin 
response and changes in plasma leucine (P < 0.003), phenylala- 
nine (P < 0.02), and tyrosine (P < 0.0001) concentrations. This 
agrees with several in vitro studies in which (3-cells of the pan- 
creas were incubated with leucine and phenylalanine (11-20) 
and with the in vivo studies by Floyd et al (5-10) in which 
amino acids were infused. The correlation observed with tyro- 
sine concentrations may be explained by the fact that tyrosine is 
formed by the hydroxylation of phenylalanine when large 
amounts of phenylalanine are ingested {20). As such, tyrosine 
concentrations were higher in drinks containing large amounts 
of phenylalanine (Tables 3-5). In addition, we observed an 
unexplained positive correlation with citrulline (P < 0.002) and 
a negative correlation with glutamate (P < 0.019). 

The main conclusion is that oral intake of amino acids in com- 
bination with carbohydrates can result in an insulinotropic effect 
as much as 103% greater than with the intake of carbohydrates 



only. It was shown that a mixture of free leucine, phenylalanine, 
and arginine can produce a large insulinotropic effect when 
ingested in combination with carbohydrates. It was also shown 
that the addition of leucine and phenylalanine to a (wheat) protein 
hydrolysate can create a similar insulinotropic effect without any 
gastrointestinal discomfort. These mixtures should provide a use- 
ful tool to strongly elevate plasma insulin concentrations in future 
metabolic studies in healthy subjects and in patients. El 

V\fe acknowledge the support of Kees Verbeek, who performed the plasma 
amino acid measurements. 
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ABSTRACT To optimize the postexercise insulin response and to increase plasma amino acid availability, we 
studied postexercise insulin levels after the ingestion of carbohydrate and wheat protein hydrolysate with and 
without free leucine and phenylalanine. After an overnight fast, eight male cyclists visited our laboratory on five 
occasions, during which a control drink and two different beverage compositions in two different doses were 
tested. After they performed a glycogen-depletion protocol, subjects received a beverage (3.5 ml_ • kg~ 1 ) every 30 
min to ensure an intake of 1 .2 g • kg~ 1 • h~ 1 carbohydrate and 0, 0.2 or 0.4 g • kg~ 1 ■ h~ 1 protein hydrolysate (and 
amino acid) mixture. After the insulin response was expressed as the area under the curve, only the ingestion of 
the beverages containing wheat protein hydrolysate, leucine and phenylalanine resulted in a marked increase in 
insulin response (+52 and + 107% for the 0.2 and 0.4 g • kg~ 1 • h~ 1 mixtures, respectively; P < 0.05) compared 
with the carbohydrate-only trial). A dose-related effect existed because doubling the dose (0.2-0.4 g • kg -1 • h~ 1 ) 
led to an additional rise in insulin response (P < 0.05). Plasma leucine, phenylalanine and tyrosine concentrations 
showed strong correlations with the insulin response (P < 0.0001). This study provides a practical tool to markedly 
elevate insulin levels and plasma amino acid availability through dietary manipulation, which may be of great value 
in clinical nutrition, (recovery) sports drinks and metabolic research. J. Nutr. 130: 2508-2513, 2000. 
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Intensive exercise leads to an increase in muscle protein 
synthesis (Biolo et al. 1995b, Yarasheski et al. 1999) and 
muscle protein degradation (Biolo et al. 1995b) in the postex- 
ercise phase in humans. Biolo et al. (1997) demonstrated that 
hyperaminoacidemia, resulting from the intravenous infusion 
of amino acids, increases postexercise muscle protein synthesis 
rates and prevents the exercise- induced increase in protein 
degradation. Recent studies have demonstrated that amino 
acid ingestion, with (Rasmussen et al. 2000) and without 
(Tipton et al. 1999) carbohydrates, can also increase postex- 
ercise muscle protein synthesis and net protein balance (pro- 
tein synthesis minus protein degradation). As such, postexer- 
cise amino acid ingestion may be an effective method to 
maximize the anabolic effect of exercise. The mechanisms 
responsible for this amino acid-induced, anabolic response 
have not yet been established. Potential regulating factors 
include changes in levels of various hormones, paracrine sub- 
stances and vasodilators. Insulin has been proposed as an 
important factor in protein metabolism, because acute physi- 
ologic elevations of plasma insulin levels, especially during 
conditions of hyperaminoacidemia, result in an additional 
increase in net muscle protein anabolism in vivo in humans 
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(Fryburg et al. 1995, Gelfand and Barrett, 1987, Hillier et al.£ 
1998). However, insulin should not be regarded as a primaryo 
regulator because in the absence of elevated amino acid con-o 
centrations, insulin levels exert only a modest effect on muscle^ 
protein synthesis (Biolo et al. 1995a). In accordance, Anthonyg 
et al. (1999 and 2000) reported a stimulating effect of leucine^ 
ingestion on postexercise muscle protein synthesis in rats,^ 
independent of an increase in plasma insulin levels. -§ 

Insulin also stimulates muscle glucose utilization through^ 
the activation of glucose transport (Ivy 1997 and 1998, Ivyg" 
and Kuo 1998) and glycogen synthase (Bak et al. 1991,^> 
Kruszynska et al. 1986), which is generally considered to beg 
the major factor to determine the rate of glycogen synthesis^ 
when substrate supply is adequate (Conlee et al. 1978). There- 
fore, an increase in postexercise insulin response, after the 
ingestion of protein (and amino acids) in combination with 
carbohydrates, has been suggested to accelerate muscle glyco- 
gen synthesis (van Hall et al. 2000, van Loon et al. 2000b, 
Zawadzki et al. 1992). Because of the proposed role of insulin 
and amino acids in promoting postexercise muscle protein 
anabolism and/or muscle glycogen synthesis, there is increas- 
ing interest in nutritional strategies to maximize postexercise 
insulin levels and to increase plasma amino acid availability. 

In the 1960s, the synergistically stimulating effect of the 
combined intake of carbohydrate and protein on plasma insu- 
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lin levels was first reported (Pallotta and Kennedy 1968, Rabi- 
nowitz et al. 1966) and was later confirmed by Nuttall et al. 
(1984 and 1985). In addition, the infusion of free amino acids 
increases plasma insulin levels in humans (Fajans et al. 1962, 
Floyd et al. 1963, 1966, 1968, 1970a, 1970b). We recently 
studied the effects of the combined oral intake of carbohydrate 
(0.8 g • kg -1 • hA 1 ) with different amino acids and/or protein 
(hydrolysates) (0.4 g ■ kg -1 • bU 1 ) on plasma insulin levels in 
the postabsorptive resting state and observed a twofold in- 
crease in insulin response after the ingestion of carbohydrate 
with a mixture of wheat protein hydro lysate, free leucine and 
phenylalanine compared with the intake of only carbohydrate 
(van Loon et al. 2000a). A synergistic increase in insulin 
response was also observed after the ingestion of this mixture 
(0.4 • kg -1 • bT 1 ) with carbohydrate (0.8 g • kg -1 • bT 1 ) after 
exercise in trained athletes (van Loon et al. 2000b). In the 
same study, we observed that the ingestion of this mixture 
accelerated postexercise muscle glycogen synthesis compared 
with the ingestion of only carbohydrate (0.8 g • kg -1 • h _1 ) 
but not compared with the ingestion of a higher amount of 
carbohydrate (1.2 g ■ kg -1 ■ bU 1 ). 

The present study was designed to investigate the effects of 
the ingestion of different amounts of protein hydrolysate, with 
and without the addition of free leucine and phenylalanine, in 
combination with a large amount (1.2 g • kg -1 • hT 1 ) of 
carbohydrate, on the postexercise insulin response and plasma 
amino acid concentration in trained athletes. Our aim was to 
define the mixture with the strongest insulinotropic properties 
in combination with increased amino acid availability when 
ingested in the postexercise phase. Theoretically, this mixture 
would be the best candidate to explore whether such an 
insulinotropic mixture can maximize postexercise net muscle 
protein anabolism and glycogen synthesis rates. 

SUBJECTS AND METHODS 

Subjects. Eight highly trained male cyclists [age 24-0 ± 0.6 y, 
body mass 70.0 ± 1.0 kg, body mass index 21.4 ± 0.6 kg/m , 
maximum workload (W max ) 390 ± 8 W, maximum heart rate 191 
± 3 bpm) participated in this study. Subjects trained at least three 
times a week for 2 h and had a training history of >5 y. All subjects 
were informed about the nature and risks of the experimental proce- 
dures before their informed consent was obtained. This study was 
approved by the local ethics committee. 

Pretesting. Maximum oxygen uptake capacity (Vo 2 max ) and 
W max were measured on an electronically braked cycle ergometer 
(Lode Excalibur, Groningen, the Netherlands) during an incremental 
exhaustive exercise test 1 wk before the first experimental trial 
(Kuipers et al. 1985). These findings were used to determine the 
power output settings in the glycogen-depletion protocol. 

Experimental trials. Each subject participated in five trials, 
separated by >3 d, in which five different beverages were tested. 
During those trials, subjects first performed a glycogen-depletion 
protocol (Kuipers et al. 1987). Thereafter, subjects were studied for 
3 h while ingesting 1.2 g of carbohydrate ■ kg -1 ■ fU 1 (60:40% 
maltodextrin/glucose). Blood samples were taken at 30-min intervals. 
During those 3 h, subjects remained physically inactive. Beverages 
were provided in a random order. Both subjects and researchers who 
were present were unaware of the specific drink being tested. All 
drinks were vanilla flavored to make the taste similar among the 
trials. Subjects were instructed to refrain from heavy physical labor 
and to keep their diet constant the day before the trials. Subjects 
fasted for 1 2 h before reporting to the laboratory but were allowed to 
drink water ad libitum. 

Protocol. Subjects reported to the laboratory at 0830 h. Muscle 
glycogen depletion was established by performing an intense cycle 



ergometer test (Kuipers et al. 1987). This muscle glycogen-depletion 
protocol started off with a 10-min warm-up period at a workload of 
50% W max . Thereafter subjects were instructed to cycle for 2-min 
block periods at alternating workloads of 90 and 50% W max . This was 
continued until subjects were no longer able to complete the 2 min 
at 90% W max . That moment was defined as the inability to maintain 
cycling speed at 60 rpm. At that moment, the high intensity blocks 
were reduced to an intensity equal to 80% W max . Again, subjects had 
to cycle until they were unable to complete a 2-min block at 80% 
W max , after which the high intensity block was reduced to 70% 
W max . Subjects were allowed to stop exercising when they were not 
able to maintain pedaling speed at >60 rpm at this 70% W max . 
Subjects were allowed to drink up to 1.0 L of water during the 
depletion test. After cessation of the exercise, subjects were allowed 
to take a 5-min shower, after which a Teflon catheter (Baxter BV, 
Utrecht, the Netherlands) was inserted into an antecubital vein and 
a resting blood sample was drawn (t = 0 min). Immediately thereaf- 
ter, subjects drank an initial bolus (3.5 mL • kg -1 ) of a given test_ 
drink. Subjects were seated for the next 3 h, during which theyg 
received a beverage volume of 3.5 mL ■ kg -1 every 30 min untils. 
t = 150. Blood samples (4 mL) were taken every 30 min for theS 
measurement of plasma glucose, insulin and amino acids untilco 

t = 180. S; 

Beverages. All beverages contained 68.5 g ■ L _1 glucose, 102.8 g ^ 
L _1 maltodextrin, 0.20 g • L _1 sodium saccharinate, 1.80 g ■ L _1 citric- 
acid and 5.00 g • L _1 vanilla cream flavor. In addition, beverages 2 andb 
3 contained 28.6 and 57.1 g • L _1 wheat protein hydrolysate, respec-E? 
tively, whereas beverage 4 contained 14-3 g • L~ wheat protein hydro-o' 
lysate and 7.1 g ■ L _1 of both free leucine and phenylalanine. Beverage^ 
5 contained twice the level of wheat protein hydrolysate and free leucine^ 
and phenylalanine compared with beverage 4. Ar r = 0, 30, 60 90, 1202- 
and 150 min, subjects received a beverage volume of 3.5 mL • kg -1 to^ 
ensure a given dosage of 1.2 g • kg - • h~ carbohydrate (40:60%< 
maltodextrin/glucose) and 0, 0.2 or 0.4 g ■ kg ■ h of a mixture - " 
containing wheat hydrolysate or wheat hydrolysate with the addition ofo 
free leucine and phenylalanine. Glucose and maltodextrin were obtaineds' 
from AVEBE (Veendam, the Netherlands), crystalline amino acids werd§- 
obtained from BUFA (Uitgeest, the Netherlands) and the protein hy-g 
drolysate (Hyprol) was prepared by Quest International (Naarden, then 
Netherlands). The protein hydrolysate is prepared troin wheat proreing. 
via enzymatic digestion and has a medium chain length of 11 aminos 
acids. The amino acid profile of the wheat hydrolysate is listed in TableS 
1. The maltodextrin used had a medium chain length of 14-16 glycosylo 



TABLE 1 

Amino acid profile of the wheat protein hydrolysate 
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, maximal workload. 



L-Alanine (Ala) 


1.8 


L-Cysteine (Cys) 


0.9 


L-Aspartate (Asp) 


0.2 


L-Glutamate (Glu) 


3.2 


L-Phenylalanine (Phe) 


4.8 


L-Glycine (Gly) 


2.8 


L-Histidine (His) 


1.6 


L-lsoleucine (lie) 


2.6 


l- Lysine (Lys) 




L-Leucine (Leu) 


5.6 


L-Methionine (Met) 


1.1 


L-Asparagine (Asn) 


1.9 


L-Proline (Pro) 


12.3 


L-Glutamine (Gin) 


29.0 


L-Arginine (Arg) 


2.2 


L-Serine (Ser) 


4.4 


L-Threonine (Thr) 


2.0 


L-Valine (Val) 


3.0 


L-Tryptophan (Trp) 




L-Tyrosine (Tyr) 


2.5 
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units. To make the taste comparable in all trials, sodium saccharinate, 
citric acid and vanilla cream flavor (Quest International) were added. 

Analysis. Blood was collected in EDT A- containing tubes and 
was centrifuged at 1000 X g and 4°C for 5 min. Aliquots of plasma 
were frozen immediately in liquid nitrogen and stored at — 40°C. 
Glucose (Uni Kit III 07367204; Hoffman-La Roche, Basel, Switzer- 
land) was analyzed with the COBAS FARA semiautomatic analyzer 
(Hoffman-La Roche). Insulin was analyzed by radioimmunoassay 
(Insulin RIA 100 kit; Pharmacia, Uppsala, Sweden). Plasma (200 
/xL) for amino acid analysis was deproteinized on ice with 500 g • L" 1 
5-sulfosalicylic acid and vortex mixed. The clear supernatant ob- 
tained after centrifugation was stored at — 80°C until analysis for 
amino acids. Amino acids were analyzed on an automated dedicated 
amino acid analyzer (LC5001; Biotronik, Miinchen, Germany) using 
a cationic exchange resin (type BTC2710; Biotronik), a gradient of 
lithium citrate elution buffers and postcolumn derivatization with 
ninhydrin, all according to working recipes of the supplier. Same 
procedures were performed to determine the amino acid composition 
of the wheat protein hydrolysate except for the use of a different 
amino acid analyzer (Pharmacia LKB Biotechnology, Roosendaal, the 
Netherlands). Calibration curves of the amino acids were obtained 
using commercial amino acid mixtures. Norvaline was used as inter- 
nal standard and added to all plasma samples before deproteinization. 

Statistics. All data are expressed as means ± SEM (n = 8). 
Analysis of variance for repeated measures was performed to study 
differences in plasma glucose and insulin concentrations over time 
between groups. A Scheffe post hoc test was applied in case of a 
significant F-ratio to locate the differences. The plasma glucose, 
insulin and amino acid responses were calculated as the area under 
the curve above baseline value (t = 0 min). Statistical analyses of 
these data were conducted with a two- factor analysis of variance with 
treatment and subject as the two factors. Differences between drinks 
were checked for statistical significance using the Tukey post hoc test. 
Simple regression analysis was performed to calculate correlations 
between the insulin response and the different plasma amino acid 
responses. Statistical significance was set at P < 0.05. 



RESULTS 

In all trials, plasma glucose concentrations increased during 
the first 30 min after beverage ingestion, after which they 
decreased during the remaining 150 min (Fig. 1). After ex- 
pression of the glucose response as the area under the curve 
(above baseline) during the entire 3-h period, no significant 
differences were observed between the different test drink 
trials. 

Plasma insulin concentrations increased in all trials during 
the first 150 min. In the final 30 min, a plateau developed (Fig. 
2). The ingestion of drink 5 resulted in significantly higher 
insulin levels at t = 60, 90, 120 and 150 min compared with 
drinks 1, 2 and 3. After expression of the insulin response as 
the area under the curve during the entire 3-h period (Fig. 3), 
insulin responses after the ingestion of drinks 4 and 5 were 
significantly higher than control (+52 ± 10 and +107 
±17%, respectively; P < 0.05). The ingestion of drinks 2 and 
3 did not result in significantly higher postexercise insulin 
responses compared with the control drink, and responses were 
significantly lower compared with the insulin responses re- 
ported after the ingestion of the free amino acid- containing 
drinks (drinks 4 and 5). In addition, the ingestion of drink 5 
resulted in a significantly higher insulin response (+36 ± 6%; 
P < 0.05) compared with drink 4, in which a lower dose of the 
same mixture was ingested (0.4 versus 0.2 g • kg -1 • h _1 , 
respectively). 

Plasma amino acid responses were calculated as the areas 
under the curve above baseline values (Table 2). Only the 
findings most relevant for the aim of this study are reported 
here. After the postexercise ingestion of the control drink, a 
decrease was seen in the concentration of all amino acids. The 
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FIGURE 1 Postexercise plasma glucose concentrations after the§ 
ingestion of protein hydrolysate/amino acid-carbohydrate mixtures inS-- 

" 1 ); drink 2g 
~ 1 ); drink 3o 



humans. Test drink 1, carbohydrate only (1.2 g • kg" 1 
carbohydrate with protein hydrolysate (0.2 g • kg" 1 
carbohydrate with protein hydrolysate (0.4 g • kg -1 
carbohydrate with protein hydrolysate (0.1 g • kg -1 • h 
g • kg" 1 • h" 1 ) and phenylalanine (0.05 g • kg -1 • h" 
carbohydrate with protein hydrolysate (0.2 g • kg -1 • h" 
• kg -1 • h" 1 ) and phenylalanine (0.1 g • kg -1 • h~ 1 ). Values are means^ 
± sem (n = 8). No significant differences between trials, P < 0.05. S| 



r 1 ); drink 4£ 
leucine (0.05£ 
and drink 5,2. 
leucine (0.1 go 



3 

ingestion of drinks 2 and 3 (wheat) resulted in a significantlyrj 
higher plasma concentration for most amino acids measuredg- 
compared with the control. The ingestion of drinks 4 and 5& 
resulted in a substantial increase in plasma leucine, phenylal- 
anine and tyrosine responses compared with the other drinks^ 
(Table 2). Regression analysis revealed a strong positive cor-r* 
relation between the size of the insulin response and the? 
change in plasma leucine (P < 0.0001, r = 0.66), phenylala-Q 
nine (P < 0.0001, r = 0.62) and tyrosine (P < 0.0001, ?§■ 
= 0.57) concentrations. Plasma threonine, asparagine, gly-§- 
cine, alanine, valine, methionine, isoleucine and histidine? 
responses showed a negative correlation with the insulin re--^ 
sponse (P < 0.05, r = —0.33 to —0.48) within this postexer-2 
cise setting. ° 

DISCUSSION 

It was recently concluded that the ingestion of beverages 
containing protein hydrolysate plus carbohydrate is preferred 
over the ingestion of those containing intact protein plus 
carbohydrate to stimulate insulin secretion and plasma amino 
acid availability, because ingestion results in a stronger in- 
crease in plasma amino acid levels in the postabsorptive rest- 
ing state (van Loon et al. 2000a). In addition, the use of an 
intact protein when ingested as a beverage has another prac- 
tical disadvantage because most intact proteins are poorly 
soluble in water. In an attempt to combine gastrointestinal 
tolerance and palatability with a maximal insulin response, a 
mixture of wheat hydrolysate with free leucine and phenylal- 
anine was defined (van Loon et al. 2000a). The insulinotropic 
properties after the ingestion of this mixture in the postab- 
sorptive resting state exceeded those of most other combina- 
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FIGURE 2 Postexercise plasma insulin concentrations after the 
ingestion of protein hydrolysate/amino acid-carbohydrate mixtures in 
humans. Test drink 1, carbohydrate only (1.2 g • kg" 
carbohydrate with protein hydrolysate (0.2 g • kg -1 
carbohydrate with protein hydrolysate (0.4 g • kg -1 
carbohydrate with protein hydrolysate (0.1 g • kg" 1 • h 
g • kg -1 • h _1 ) and phenylalanine (0.05 g • kg" 1 • h 
carbohydrate with protein hydrolysate (0.2 g • kg" 1 • h 
•kg" 1 

± SEM 

different, P < 0.05. 



1 • h" 1 ); drink 2, 

• h" 1 ); drink 3, 

• h" 1 ); drink 4, 
" 1 ), leucine (0.05 
" 1 ); and drink 5, 
" 1 ), leucine (0.1 g 

h~ 1 ) and phenylalanine (0.1 g • kg" 1 • h" 1 ). Values are means 
[n = 8). Mean values not sharing a common superscript are 



tions and did not cause any gastrointestinal or other com- 
plaints. 

The aim of the present study was to maximize postexercise 
insulin levels and to increase plasma amino acid availability in 
trained athletes. Our data did not show an increase in postex- 
ercise insulin response after the ingestion of a wheat protein 
hydrolysate only (at an intake of 0.2 or 0.4 g * kg -1 • h _1 ) in 
combination with carbohydrate (1.2 g • kg~ • bA 1 ) compared 
with the ingestion of only carbohydrate. This is in contrast to 
earlier findings in the postabsorptive resting state (van Loon et 
al. 2000a), during which considerable, but nonsignificant, 
increases in insulin response were observed after the ingestion 
of carbohydrate (0.8 g ■ kg -1 ■ bA 1 ) combined with pea, whey 
or wheat protein hydrolysate in comparison with the ingestion 
of only carbohydrate. This could be related to the preceding 
exercise in the present study, because muscle contraction 
stimulates glucose transport via GLUT4 translocation (Ivy 
1997), which is likely to result in a reduction in postexercise 
insulin response. In addition, endurance trained athletes ex- 
hibit a markedly reduced secretory insulin response after glu- 
cose administration (Lohmann et al. 1978, Rodnick et al. 
1987). However, a significant, additional increase in plasma 
insulin level occurs after the ingestion of carbohydrate (0.8 g 

• kg -1 • hA 1 ) with a whey or wheat protein hydrolysate (0.4 g 

• kg -1 • hA 1 ) in endurance trained athletes after exercise (van 
Hall et al. 2000). Therefore, the apparent contradictory find- 
ings should be explained by the higher carbohydrate ingestion 
rate (1.2 versus 0.8 g • kg -1 • bA 1 ) that was applied in the 
present study. 

We observed a substantial additional increase in insulin 
response after the ingestion of the mixtures containing wheat 
protein hydrolysate in combination with free leucine and 
phenylalanine. The addition of these free amino acids clearly 



led to a significant increase in the insulin response (the area 
under the curve) compared with the control and wheat pro- 
tein-only trials (Fig. 3). A dose-effect relationship existed in 
that doubling the ingestion rate of the hydrolysate-amino acid 



mixture up to 0.4 g ■ kg 



resulted in a substantial 



increase in insulin response (the area under the curve) com- 
pared with the ingestion of only 0.2 g • kg -1 • bA 1 of the same 
mixture. 

Recently, we studied the effects of ingestion of carbohy- 
drate with this mixture of wheat protein hydrolysate, free 
leucine and phenylalanine on postexercise insulin levels and 
muscle glycogen synthesis rates in trained athletes (van Loon 
et al. 2000b). We demonstrated a substantial, additional in- 
crease in insulin response after the ingestion of this mixture 
(0.4 g • kg~ ■ hA ) in addition to normal postexercise carbo- 
hydrate consumption rates (0.8 g • kg -1 • bA 1 ). In accordance 
with Zawadzki et al. (1992), we reported a significant accel-o 
eration of muscle glycogen synthesis rates compared with the! 
ingestion of only carbohydrate (0.8 g • kg -1 • hA 1 ). However,S 
these increased muscle glycogen synthesis rates were not sig-g_ 
nificantly higher than synthesis rates observed after the inges-g- 
tion of larger amounts of carbohydrate (1.2 g • kg -1 • h _1 ).3 
Future research will be necessary to investigate whether mus-P' 
cle glycogen synthesis can be further accelerated by ingesting^ 
an insulinotropic protein hydrolysate (and amino acid) mix-s 
ture in combination with a carbohydrate intake of >1.2 g ■? 
kg-'-h- 1 . <§ 

Consistent with recent findings in the postabsorptive rest-™ 
ing state (van Loon et al. 2000a), the magnitude of the in vivo§- 
insulin response correlated with the increase in plasma^ 
leucine, phenylalanine and tyrosine concentrations. Regres-^ 
sion analysis showed a strong positive correlation between^ 
plasma leucine, phenylalanine and tyrosine concentrations^ 
and the insulin response. This suggested relationship is in» 
accordance with the effects of leucine and phenylalanine in^, 
vitro in studies with incubated J3 cells of the pancreas? 
(Blachicr et al. 1989a and 1989b, Hutton et al. 1980, MalaisscR 
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FIGURE 3 Postexercise plasma insulin responses after the inges- 
tion of protein hydrolysate/amino acid-carbohydrate mixtures in hu- 
mans. Test drink 1, carbohydrate only (1.2 g • kg" 1 • h" 1 ); drink 2, 
carbohydrate with protein hydrolysate (0.2 g • kg" 1 
carbohydrate with protein hydrolysate (0.4 
carbohydrate with protein hydrolysate (0.1 g • 
g • kg" 1 • h" 1 ) and phenylalanine (0.05 g 
carbohydrate with protein hydrolysate (0.2 g • 
• kg" 1 • h" 1 ) and phenylalanine (0.1 g • kg" 1 
± sem (n = 8). Mean values not sharing a common superscript are 
different, P < 0.05. 
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TABLE 2 

Plasma amino acid responses in humans after the ingestion of carbohydrate and protein (hydrolysate) 

with or without free amino acids'! 



Trials 2 




Drink 1 


Drink 2 


Drink 3 


Drink 4 


Drink 5 


Amino acids 


control 


wheat-0.2 


wheat-0.4 


wheat/Leu/Phe-0.2 


wheat/Leu/Phe-0.4 



mmol ■ L-1 ■ 3 h~1 



Threonine 3 


-3.36 


± 0.69 


-0.32 


± 0.38 a 


2.06 


± 0.70 a 


-2.67 


-+- 


0.56c 


-2.33 




0.34C 


Serine 


-3.20 


± 0.59 


-0.08 


± 0.40a 


2.95 


± 0.94a,b 


-2.56 


+ 


0.45c 


-1.56 




0.24C 


Asparagine 


-2.22 


± 1.08 


-0.21 


± 0.20 


0.96 


± 0.48a 


-1.67 


-+- 


0.43c 


-1.42 




0.27 


Glutamate 


-2.45 


± 1.05 


0.97 


± 1.02 


-0.01 


± 0.84 


-0.33 


+ 


1.51 


-0.56 




0.82 


Glutamine 


-13.93 


± 4.03 


-2.85 


± 3.03 


6.63 


± 3.72a 


-8.42 


-+- 


4.84 


-5.03 


+ 


2.38 


Proline 


-4.64 


± 1.05 


7.82 


± 1.14a 


16.86 


± 2.26a,b 


-0.92 


-t- 


0.70b,c 


2.78 


+ 


0.50a,c 


Glycine 


-4.46 


± 1.05 


0.29 


± 0.47a 


2.99 


± 0.771 


-4.07 


-+- 


1.06b,c 


-4.49 


H- 


0.84b,c 


Alanine 


-11.42 


± 1.76 


-4.88 


± 1.19 


-1.46 


± 2.55a 


-8.66 


-+- 


1.90 


-9.58 


+ 


1.43 I 


Citrulline 


-3.07 


± 0.57 


-0.73 


± 0.24a 


0.30 


± 0.25a 


-0.64 


-+- 


0.22a 


0.63 


+ 


0.15a,b 0 
0.06 g- 
0.71 b,c a. 


a-Aminobutyrate 


-0.55 


± 0.41 


0.21 


± 0.10 


0.48 


± 0.12a 


-0.24 


-4- 


0.11 


-0.31 


+ 


Valine 3 


-6.10 


± 0.89 


0.40 


± 0.64a 


6.45 


± 1.19a,b 


-9.14 


-t- 


1.05b,c 


-6.10 


+ 


Methionine 3 


-1.63 


± 0.48 


-0.88 


± 0.13 


-0.44 


± 0.26 


-1.42 


-t- 


0.09 


-1.38 


+ 


0.17 3 


Isoleucine 3 


-3.21 


± 0.56 


0.74 


± 0.24a 


3.57 


± 0.53a,b 


-3.40 


-f- 


0.43b,c 


-1.84 


+ 


0.30b,c 3 


Leucine 3 


-5.30 


± 0.76 


1.81 


± 0.46 


7.34 


± 0.98a 


31.51 


-t- 


1.08a,b,c 


66.68 


+ 


3.29 a .b,c,dp" 


Tyrosine 3 


-2.95 


± 0.69 


0.20 


± 0.19 


1.97 


± 0.53a 


3.79 


-+- 


0.47a,b 


8.26 


+ 


1.15a,b,c,d| 


Phenylalanine 3 


-2.48 


± 0.73 


2.17 


± 0.32 


4.30 


± 0.47 


23.14 


-+- 


2.27 a ,b,c 


53.17 


+ 


4.14a,b,c I c§ 


Tryptophan 3 


-0.69 


± 0.65 


0.74 


± 0.62 


1.57 


± 0.55 


-1.97 


+ 


1.96 


-0.77 


+ 


0.54 § 


Ornithine 


-1.74 


± 0.54 


1.81 


± 0.24a 


3.27 


± 0.44a 


0.51 




0.17a,c 


1.86 


+ 


0.24c 0 


Lysine 3 


-3.82 


± 0.81 


-2.03 


± 0.35 


-1.64 


± 0.58 


-3.15 


+ 


0.78 


-2.98 


+ 


0.73 a 


Histidine 3 


-2.03 


± 0.60 


0.68 


± 0.19a 


1.70 


± 0.35a 


-1.09 


-+- 


0.22b,c 


-0.68 


+ 


0.30c a 


Arginine 


-4.14 


± 0.80 


-1.19 


± 0.44 


1.24 


± 0.36a 


-1.45 


-+- 


0.58a,c 


-0.04 


+ 


0.68a C 



1 Plasma amino acid response expressed as the area under the 
amino acid response when compared to a specific trial (drink 1 , 2 

2 The applied drinks contain drink 1 , carbohydrate only (1 .2 g 
h _1 ); drink 3, carbohydrate with wheat protein hydrolysate (0.4 g 
h _1 ), leucine (0.05 g • kg -1 • h _1 ) and phenylalanine (0.05 g • kg 
h _ 1), leucine (0.1 g • kg - 1 • h - 1) and phenylalanine (0.1 g • kg _ 1 

3 Essential amino acids. 



curve above baseline (means ± sem; n = 8); a >b,c,d significant difference in plas 
, 3, and 4, respectively) (P < 0.05). 
kg - 1 • h~1); drink 2, carbohydrate with 
kg -1 • h~ 1 ); drink 4, carbohydrate with 
1 • h" 1 ); and drink 5, carbohydrate with 
h-1). 



i wheat protein hydrolysate (0.2 g • kg" 
wheat protein hydrolysate (0.1 g • kg- 
wheat protein hydrolysate (0.2 g • kg - 



o 

ma^ 
o 

1 # 
1 ffi 



CD 



et al. 1991, Malaisse Lagae et al. 1971, Sener et al. 1989 and 
1981, Sener and Malaisse, 1980 and 1981, Varnier et al. 1995) 
and with the in vivo studies by Floyd and coworkers (Fajans et 
al. 1962, Floyd et al. 1963, 1966, 1968, 1970a and 1970b) in 
which several (combinations of) amino acids with and without 
glucose were infused. The positive correlation observed with 
plasma tyrosine concentrations may be explained by the fact 
that tyrosine, the hydroxylation product of phenylalanine in 
the liver, is formed when large amounts of phenylalanine are 
ingested (Pogson et al. 1985). Furthermore, we observed a less 
substantial but significant negative correlation between the 
insulin response and plasma threonine, asparagine, glycine, 
alanine, valine, methionine, isoleucine and histidine concen- 
trations. These negative correlations could be explained by an 
increased amino acid uptake after an increase in insulin level. 
Interestingly, the amino acids that revealed significant nega- 
tive correlations included all of the essential amino acids (of 
course, with the exclusion of the supplemented amino acids 
leucine, phenylalanine and its product tyrosine). Plasma 
amino acid concentrations were generally lower after the in- 
gestion of drinks 4 and 5 compared with the control trial, 
although in the latter, considerable amounts of protein and 
amino acids were ingested, which would normally increase the 
plasma amino acid response as shown in trials 2 and 3. This 
seems to suggest that tissue amino acid uptake and possibly 
also postexercise net muscle protein balance were increased 
after the ingestion of this insulinotropic mixture. This would 



be in line with several studies demonstrating that an increases 
in plasma insulin concentration, during conditions of hy-g 
peraminoacidemia, further increases net muscle protein bal-o> 
ance in vivo in humans (Fryburg et al. 1995, Gelfand ands. 
Barrett, 1987, Hillier et al. 1998). Such a stimulating effect org 
net protein balance may in part also be a consequence of aco 
stimulating effect of leucine on skeletal muscle protein syn-N 
thesis, independent of an increase in insulin levels (Anthonyo 
et al. 1999 and 2000). However, the potential of insulino-o 
tropic protein hydrolysate and amino acid mixtures to stimu- 
late postexercise net muscle protein anabolism, and the mech- 
anisms involved, remains to be investigated. 

The present study shows that the ingestion of a mixture of 
wheat protein hydrolysate, free leucine and phenylalanine, in 
combination with carbohydrate, results in a substantial, addi- 
tional increase in the postexercise insulin response compared 
with the ingestion of only carbohydrate. Furthermore, it is 
demonstrated that the magnitude of this increase in insulin 
response is dose dependent. Consequently, this mixture pro- 
vides a practical tool to strongly elevate postexercise insulin 
levels via dietary manipulation only. This mixture has previ- 
ously been shown to stimulate glycogen synthesis after exercise 
when added to a carbohydrate-containing solution (0.8 g • 
kg -1 • h _1 ) and may also serve to increase net protein balance 
in the postexercise phase and be applied as a tool in metabolic 
research investigating the effects of high plasma insulin con- 
centrations. 
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Glycemic, Hormone, and Appetite Responses to Monosaccharide Ingestion in 

Patients With Type 2 Diabetes 

Rosalie Vozzo, Ben Baker, Gary A. Wittert, Judith M. Wishart, Howard Morris, Michael Horowitz, 

and Ian Chapman 

To investigate the relative effects of fructose and glucose on blood glucose, plasma insulin and incretin (glucagon-Sike 
peptide-1 [GLP-1] and gastric inhibitory peptide [GIPj) concentrations, and acute food intake, 10 (6 men, 4 women) patients 
with diet-controlled type 2 diabetes (diabetic) (44 to 71 years) and 10 age and body mass index (BMI)-matched (6 men, 4 
women) nondiabetic, control subjects with varying degrees of glucose tolerance (nondiabetic), were studied on 3 days. In 
random order, they drank equienergetic preloads of glucose (75 g) (GLUC), fructose (75 g) (FRUCT) or vehicle (300 mL water 
with noncaloric flavoring [VEH]) 3 hours before an ad libitum buffet lunch, Mean glucose concentrations were lower after 
FRUCT than GLUC in both type 2 diabetics (FRUCT vGLUC:7.5 ± 0.3 v 10,8 ± 0.4mmol/L, P< .001) and nondiabetics (FRUCT 
v GLUC: 5.9 ± 0.2 v 7.2 ± 0,3 mmol/L, P < .05). Mean insulin concentrations were approximately 50% higher after FRUCT in 
type 2 diabetics than in nondiabetics (diabetics v nondiabetics: 23.1 ± 0.7 v 15.1 ± 1.3 ^U/mL; P < .0001). Plasma GLP-1 
concentrations after fructose were not different between type 2 diabetics and nondiabetics (P > .05). Glucose, but not FRUC, 
increased GIP concentrations, which were not different between type 2 diabetics and nondiabetics (P > .05). Food intake was 
suppressed 14% by GLUC (P < .05 t/CONT) and 14% by FRUC (P < .05 vCONT), with no difference between the amount of 
food consumed after GLUC and FRUC treatment in either type 2 diabetics or nondiabetics (P > .05). We have confirmed that 
oral fructose ingestion produces a lower postprandial blood glucose response than equienergetic glucose and demonstrated 
that (1) fructose produces greater increases in plasma insulin concentration in type 2 diabetics than nondiabetics, not 
apparently due to greater plasma incretin concentrations and (2) fructose and glucose have equivalent short-term satiating 
efficiency in both type 2 diabetics and nondiabetics. We conclude that on the basis of improved glycemic control, but not 
satiating efficiency, fructose may be useful as a replacement for glucose in the diet of obese patients with type 2 diabetes. 
Copyright 3002, Elsevier Science (USA). All rights reserved. 



GLUCOSE INGESTION PROMOTES insulin secretion by 
a direct action on (he pancreatic fi cells and by stimu- 
lating incretin hormone release (ghicagon-like peptide- 1 (GLP- 
1] and gastric inhibitory peptide fGIP]). Incretin release ac- 
counts for over 50% of the increase in plasma insulin 
concentrations after ingestion of a glucose load in heaiihy 
individuals. 1 Fructose ingestion also induces insulin secretion, 
but less than that of glucose. While no study has directly 
compared the effect of fructose ingestion on plasma insulin in 
adults svith and without non-insulin-depcndent diabetes melli- 
lus (type 2 diabetes), the results of separate studies- ' suggest 
that oral fructose is a more potent insulin sccretagoguc in type 
2 diabetes. Greater fructose-induced incretin release in people 
with type 2 diabeies may explain this. Fructose stimulates 
GLP-1 secretion in nondiabetics, but less than glucose- and lias 
no effect on GIP concentrations. In type 2 diabetics, GIP is 
secreted in response to glucose, but has almost no insulino- 
(ropic activity, whereas the extent of GLP-1 release in people 
with type 2 diabetes after glucose ingestion is unclear; some 
studies reporting enhanced and some reporting decreased se- 
cretion compared with nondiabetics,''' 6 The relative effects of 
fructose on insulin, GLP-1 amide and GIP release in people 
with and without type 2 diabetes have not been reported. 

The comparative effects of glucose and fructose on appetite 
remain controversial. Results of several, but not all- 10 stud- 
ies in healthy people indicate a greater suppression of short- 
term food intake by oral fructose than equienergetic glucose. 
The relative satiating effects of these monosaccharides have not 
been examined in people with diabeies. Intravenous GLP-1 
reduces food intake in healthy humans without type 2 diabe- 
tes." It is not yet clear if this is a physiologic or pharmacologic 
effect, but GLP-1 may be an endogenous satiety factor, 12 in 
which case, its secretion may account for some of the reduction 
in food intake after glucose and fructose ingestion. 



This study was conducted to determine the relative acute 
effects of oral glucose and fructose on appetite and food intake 
and plasma insulin and incretin concentrations in people with 
and without type 2 diabeies, 

MATERIALS AND METHODS 

Subjects 

Ten piuienls with early (<4 years since diagnosis), well controlled, 
lypc 2 diabeies and 10 nondiabetic subjects wilh vaiying degrees of 
impaired glucose tolerance (nondiabetics) were recruited from the 
Royal Adelaide Hospital diabeies clinic and by advertisement (subject 
characteristics are detailed in Table 1). The diabetic patients were all 
treated wilh diet alone, ie, none was taking oral hypoglycemic agenls or 
insulin. All diabetics met World Health Organization and American 
Diabetic Association criteria for the diagnosis of diabetes tit the time of 
the study (fasting venous whole blood glucose concentration ft: 6, 1 
ilimoI/Ltn •■- SO) and/or blood glucose concenlralion 5:10.1 mmoi/L 2 
hours after 75 g glucose (9 of 1 0)'- 1 (diagnostic values for venous whole 
blood are lower than those for venous plasma or capillar)- w hole blood). 
All subjects werenoitsmokers and unrestrained eaters as determined by 
a score of less than 1 0 on the eating restraint questionnaire of Siunkarcl 
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Table 1. Characteristics of Subjects and Comparisons Between Nondiabetic and Diabetic Groups 





Nondiabclic 


Type 2 Disbotlc 


P Value 


Gender (M/Fj 


6M, 4 F 


6 M, 4 F 




Age (yrj 


54.7 (44-69) 


56.5 (44-71) 


.77 


Weight (kg) 


84.8 (71-120.9) 


S6.9 162-112.3) 


.64 


Body mass index (kg/m 2 | 


30.9 (27-37.7) 


30.2 (25.3-36.2) 


.67 


Duration of known diabetes (mo) 




18(0.5-43) 




Body fat (%) 


37.7 (27.4-45.8) 


35.4 (20-48.7) 


.39 


Fasting blood glucose (mmol/U* 


5.6 (5.2-6.0) 


7.0 (6.2-8.8) 


.001 1 


HbA ie 


5.2 (4.9-5.4) 


5.9 (5.2-7.1) 


.06 



NOTE, Body fat was quantified using bioelectrieal impedance." Values are mean (range) lexcept for gender). Comparisons were performed 



using a Student's unpaired I test. 
'Mean of the 3 study days, venous whole blood. 
tP = .001. 

tHbA, c (glycated hemoglobin) measurements were performed using the HPLC with cation exchange column method of Philcox et air 
Reference range for nondiabetics, 4% to 6%. 



and Messick, IJ Potential subjects with significant gastrointestinal 
symptoms, disease or surgery, intake of mote than 20 g alcohol/day on 
a daily basis, and current use of medications that might affect glycemic 
control, gastrointestinal motor function, or appetite were excluded. 'Hie 
Royal Adelaide Hospital Human Ethics Committee approved the study 
protocol and written, informed consent was obtained from each subject 
prior to enrolment. 

Protocol 

Each subject was studied on 3 occasions, separated by at least 5 days. 
Subjects maintained their normal tliet between study days and refrained 
from vigorous exercise and alcohol intake for 24 hours before eacli 
study. Subjects attended the study center at 8:30 am following an 
overnight fast, except for water. On arrival, a blood sampling cannula 
was inserted into a forearm vein. Subjects remained either scaled or 
lying on a bed during all 3 studies and could, except during the meal, 
read {but not about food-related topics) or listen to the radio. 

Fifteen minutes after intravenous camtulation (/ — 0 minutes), sub- 
jects received, in a random order and single-blind fashion, a noncaloric 
lemon flavoring (Green's Foods, Glcndenning, NSW, Australia) (60 
ml.) in water (240 ml.) (I ) alone (vehicle [VRH]), (2) plus glucose (75 
g) (GMJC), or (.3) plus fructose {75 g) (FROCT), which was consumed 
in 2 minutes. Three hours later subjects were offered a buffet njeal ;;nd 
asked to eat until comfortably full or 30 minutes bad elapsed. Subjects 
were monitored for 0.5 hours postpraudially. Venous blood samples 
(10 ml.) were taken at I ~ 15, 0. 5, 10, 15. 30, 45, 60, 75, 90, 120, 
150, and ISO minutes for measurement of glucose, GLP-1, GIP, and 
insulin and also at t - 2 10 and 240 minutes for measurement of glucose 
and insulin. Visual analogue scale questionnaires (VAS) 15 were admin- 
istered at 15-minute intervals, starling at / - : —15 minutes except 
during the meal. 

Biochemical Measurements 

Blood samples were collected on ice into EOT A tubes containing a 
protease inhibitor (Trasyloi; Bayer, Leverketisen, Germany), Plasma 
was obtained by ceiitrifugalioii at 4°C at 3,200 rpm for 12 minutes, and 
stored at -20°C until assayed. 

Blood glucose. Blood glucose concentration (mmol/L) was mea- 
sured at the bedside on venous whole blood using a Medisense II 
glucometer (Medisense, Bedford. MA}.- The accuracy of this method 
has been confirmed previously with an R of .% I and slope of 1 .005 for 
the correlation between Medisense II and laboratory measurements on 
whole venous blood. 

Plasma insulin. Plasma insulin concentration was measured using 
the Abbott )Mx Microparliele Enzyme Immunoassay (Abbott labora- 



tories. Diagnostic Division, Dainabot, Tokyo, Japan). The sensitivity of 
the assay (concentration at 2 SD from the zero standard) was 1.0 
^ill/ml.. The intra-assay coefficients of variation were 4% at 8.3 
/.tU/inL, 2.9% at 40.4 /.tU/mL, and 2.5% at 121.7 jiU/mL. The inter- 
assay coefficients of variation were 4.5% at 8.3 ftlj/mL, 3,4% at 40.4 
f .iU/mL. and 3.6% at 121.7 /lVlmL. 

Plasma GLP- i. Plasma GLP- 1 (7-36) concentration was measured 
after ethanol extraction of plasma samples by a radioimmunoassay 
method. -" The antibody, provided by Professor S.R. Bloom (Ham- 
mersmith Hospital, London, UK), had been raised in a rabbit immu- 
nized with GLP-1 (7-36) conjugated to bovine serum albumin (BSA) 
by carbodiimide. The antibody had 100% cross-reactivity with syn- 
thetic entire Gl.P- 1 17-36), but docs not cross-react with GLP- 1 {7-37), 
glucagon. GIP, or other gut or pancreatic peptides and lias been 
demonstrated by chromatography to measure intact GLP- 1 (7-36) 
amide."' It is likely that this antibody also reacts with the degraded 
GI.P-I (9-36) amide. The minimum detectable limit for the assay was 
approximately 2 pmol/L, and 1 1 determinations were used to establish 
an interassay coefficient of variation of 18%. 

Plasma GIP. Plasma GIP concentration was measured, after etha- 
nol extraction of plasma samples by a radioimmunoassay method, ,s 
Commercially available antiserum was used (Peninsula Laboratories, 
Belmont, CA). Bound from free fragments were separated using the 
double-antibody technique. The minimum detectable limit for the assay 
was approximately 15 pmol/L, ami the interassay coefficient of varia- 
tion was 15%. 

Assessment of Symptoms 

Hunger, fullness, and nausea were assessed using linear VAS 15 in the 
form of a questionnaire with the opposites of a particular sensation 
written at either end of a 10-cm horizontal line; for example hungry 
versus not hungry and lull versus empty. Iy Subjects placed a vertical 
mark at the appropriate place on each line to indicate the strength of 
that symptom, Sensalions associated with appetite were quantified (cm) 
as a change from baseline, which was the mean of - 15. - 10, and 0 
minute values. 

The test meal was a cold buffet lunch of sliced bread (white and 
whole meal), margarine, mayonnaise, sliced ham, chicken, cheese, 
tomato, cucumber and lettuce, plain milk, orange juice, tinned fruit- 
salad, low-fat strawberry yoghurt, chocolate cuslard, vanilla ice cream, 
an apple, pear, and banana, all of which were prepared in excess of 
what the subject would normally be expected to eat.- 1 ' The tola! energy 
content of the food offered was approximately 2,400 kca! (10 MI). All 
food items were weighed (to the nearest 0. 1 g) before and after the meal 
and the duration of eating recorded (to the nearest minute). Energy 
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Time (min) Time (min) 

Fig 1, (A) Blood glucose concentrations (mmol/LI after ingestion of glucose (75 g) |GLUC| (X), fructose (75 g) (FRUCTI (•), or vehicle (VEK) 
{• i) by nondiabetics (n = 10) and (8| by patients with type 2 diabetes (n = 10). Data ate mean ± SEM. P < .001 for treatment (all treatments 
were different from each other), P < .001 for patient group, P < .001 for treatment x patient group (" "different letters indicate that curves are 
statistically different), P < .001 for time by 3-way ANOVA (t = 5 to ISO minutes) with repeated measures followed by contrasts. 



consumption (kcal) and macronuti icnt intake (% of total) were calcu- 
lated Cram the amount of food consumed during the buffet meal, using 
DIET/4 (bod composition software (Xyris Software, Highgate Hill, 
Qld, Australia).™ 21 

Statistical Analysis 

Baseline data were analysed using 2-way analysis of variance 
(ANOVA) with repeated measures (treatment x patient group). Hun- 
ger, fullness, and nausea, blood glucose and plasma insulin, GLI'-l, arid 
OIP concentrations were initially analyzed using a 3-way ANOVA 
with repented measures (patient group X treatment X time). When a 
significant interaction was observed, contrasts were used to lest hy- 
potheses of interest, enabling paired comparisons between the studies. 
Fructose-induced changes in plasma insulin GLP-i and Gil' concen- 
trations were assessed using 2-way ANOVA with repeated measures 
(patient group x lime), Relationships between baseline and fructose- 
induced increases in blood glucose and plasma insulin concentrations 
were assessed using Pearson's correlations. Food intake was compared 
using a 2-way ANOVA (treatment x patient group) with repeated 
measures. Subject characteristics were compared with Student's un- 
paired / tests. SuperANOVA Version 1 .1 1 (Abacus Concepts, Berkley, 
CA) software was used to perforin these analyses, A P value of less 
than .05 was considered statistically significant. All data are expressed 
as means r SEM. 

RESULTS 

One subject experienced a severe headache prior to com- 
mencing the buffet meal on the fructose treatment day; all food 
intake data for this subject were omitted from the food intake 
analysis. Ail other subjects tolerated studies well; wilh no 
untoward side effects reported, 



Biochemical Measurements 

Blood glucose. On the basis of their responses to the 75-g 
oral glucose load, 7 of tile nondiabetic subjects had impaired 
glucose tolerance, 2 had impaired fasting, and 1 normal glucose 
tolerance (Fig 1). 

Fasting (baseline) blood glucose concentrations (mean of 
- 15 and 0 minutes) were greater in type 2 diabetics than in 
nondiabetics (7.0 ± 0.2 v 5.6 :t 0.1 mmol/L, P < .001) wilh no 
difference between the 3 treatment days for cither subject group 
(P>.05). 

Blood glucose concentrations were higher in type 2 diabetics 
than in nondiabelics after bolh GLUC (mean, 5 to 180 minutes) 
(10.8 ± 0.4 1-7.2 ± 0.3 mmol/L; P < .001) and FRUCT (mean, 
7.5 :'- 0.3 v 5.9 ± 0.2 mmol/L; P < .001). The mean blood 
glucose concentration after GLUC, but not FRUCT, was 
greater than after VEH in all subjects (/■> < .001). At the start 
of the meal ingestion, blood glucose concentrations were higher 
in type 2 diabetics than in nondiabelics (7.) ± 0,7 i> 5.1 ± 0.2 
mmol/L, P < .01 ) and were higher after GLUC than FRUCT in 
type 2 diabetics (8.6 :. 0.9 i< 6.4 .>. 0.4 mmol/L; P < .05). 
Biood glucose concentrations after lunch (mean of f ~ 2 1 0 and 
240 miiiules) were lower alter GLUC (P < .001) and FRUCT 
(P < .001) Ihan VEH, with no difference between the 
monosaccharides (type 2 diabetics, GLUC v FRUCT: 8. 1 ± 0.8 
v7.8 s 0,5 mmol/L, P > .05, nondiabetics; GLUC v FRUCT: 
5.8 ± 0.2 v 6.6 ± 0.2 mmol/L, P > .05) in all subjects. 

Plasma insulin. Baseline plasma insulin concentrations 
were similar in type 2 diabetics and nondiabelics (12.2 ± 0,9 v 
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Fig 2, (A) Plasma insulin concentrations (,jU/mL) after ingestion of glucose (75 g| (GLUC) (X). fructose (7B g) (FRUCT) (•), or vehicle (V£H| 
il '■) by nondlabetlcs (n = 10) and (8) by patients with type 2 diabetes (n = 10). Data are mean ± SEM. P < .001 for treatment (all treatments 
were different from each other), P < .05 for treatment x patient group ("'"indicates that curves are not statistically different), P < .001 for time 
by 3 way ANOVA (f = 5 to 180 minutes) with repeated measures followed by contrasts. P< .001 for time x patient group {* indicates time points 
at which fructose-induced plasma insulin concentrations in type 2 diabetics differ from nond tabetics), P < .001 for time by 2*way ANOVA (f = 
5 to 180 minutes) with repeated measures. 



8.6 ± 0,6 /.tU/mL; P - .2) wilh no differences between the 
treatment days in either subject group (Fig 2). Mean plasma 
insulin concentrations were significantly (!' < .01 ) higher (r -•- 
5 to 1 80 minutes) after GLUC than after both FRUCT and VEH 
in type 2 diabetics and nondiabctics. Overall, insulin concen- 
trations were higher after FRUCT than VEH (/> < .001), but 
were significantly higher only in type 2 diabetics (P < .01). 
From 60 to ISO minutes after fructose ingestion, plasma insulin 
concentrations were significantly higher in subjects with type 2 
diabetes than in nondiabctics (lime x group, P < .001) and 
mean insulin concentrations after fructose (l - 60 to 180 
minutes) were approximately 50% higher in type 2 diabetics 
{23.1 ± 0.7 v 15.1 ± 1.3 /xU/mL; P < .05). Fructose-induced 
increases in plasma insulin concentrations from baseline were 
also greater in type 2 diabetics than in nondiabctics (P < .05 
lime x patient group). The time to peak plasma insulin con- 
castrations was delayed in type 2 diabetics compared with in 
nondiabctics, regardless of the monosaccharide ingested 
(74,2 ± 8.7 v 51.5 ± 8.0 minutes; P < .01). After fructose 
ingestion, plasma insulin concentrations remained higher in type 2 
diabetics than in nondiabetics at the staii of lite buffet meal 
(16.4 ± 3.3 i' 8.0 ± 0.8 ,xU/mL, P < .05). Fosibuffel meal (mean 
/ - 2S0 and 240 minutes) plasma insulin concentrations on the 
fructose day did not differ between type 2 diabetics and nondia- 
bctics (50.1 ± 10.4 v 56.3 ± 9.4 jAS/mU P > .05). 

Plasma insulin concentrations (5 to 180 minutes) after 
FRUCT ingestion were not significantly correlated with base- 
line blood glucose concentrations in the whole subject group 



-.1, P > .05) or in either nondiabctics (/ - .48, P > 

.05) or type 2 diabetics (r -- -.38, P > ,05) when they were 
assessed separately. Similarly, increases in plasma insulin con- 
centration (mean (5 to 180 minutes) concentration - baseline 
concentration) after fructose ingestion were not significantly 
correlated with increases in blood glucose after fructose inges- 
tion in the whole group (r - —.19, P > .05), type 2 diabetics 
(r =■■ .3, P > .05) or in nondiabctics (>• » .6, P ■=■■ .07). 

Plasma GLP-1. Baseline plasma GLP-1 concentrations 
were slightly, but not significantly, higher in type 2 diabetics 
than nondiabctics (10.6 ± 1.9 v 8.0 ± 1.3 pmol/L, P = .12), 
with no difference between 3 treatment days in either subject 
group [P > .05) (Fig 3). Overall, GLP-1 concentrations (mean 
5 to 180 minutes) were higher after both GLUC and FRUCT 
than VEH {P < .001), but not different after GLUC compared 
wilh FRUCT (P > .05). Plasma GI.P-1 concentrations after 
fructose were not different between type 2 diabetics and non- 
diabetics (14.0 i: 0.1 i' 10.2 0.1 pmol/L; P > .05). GLP-1 
concentrations were not different after GLUC than FRUCT in 
nondiabctics (12.2 :<: 0.5 v 10.2 ± 0.5 pmol/L; P > .05) or in 
type 2 diabetics (13.9 ± 0.1 v 14.1 • 0.6 pmol/L; P > .05). At 
the start of the meal, plasma GLP-1 concentrations were similar 
in type 2 diabetics and nondiabctics (10.S ± 1.7 v 11.4 ± 1.4 
pmol/L, P > .05) and not different after different treatments in 
either subject group (P > .05). 

Plasma GIP. Baseline G1P concentrations were similar in 
type 2 diabetics and nondiabctics (40.9 x 3.1 v 32.6 ± 6.8 
pmol/L, P .4), with no difference between the treatments in 
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Fig 3. (A| GLP-1 concentration (pmol/L) after ingestion of glucose (75 g) (GLUCI (K), fructose (75 g) (FRUCT) (•), or vehicle (VEH) (Ci) by 
nondiabetics (n = 10) and (B) by patients with type 2 diabetes (n = 10). Data are mean ± SEM. P < .001 for treatment (VEH vCLUC, VEH v 
FRUCT), P < .001 for time by 3-way ANOVA (t = 5 to 180 minutes) with repeated measures followed by contrasts. 



either subject group (P > .05) (Fig 4). Plasma GIP concentra- 
tions increased following GLUC, but not alter FRUC or VEH 
in the type 2 diabetics or nondiabetics, so GIP concentrations 
were significantly higher after GLUC than both FRUC and 
VEH, with no difference between FRUC and VEH (P > .05). 
Plasma GIP concentrations afler FRUCT were similar in type 2 
diabetics and nondiabetics (P > .05). 



Appetite dinl Food Intake 

Sensations of appetite. Baseline hunger, fullness, and nau- 
sea (P > .05) did not differ between the 3 treatment days for 
either type 2 diabetics or nondiabetics {Fig 5). 

Both monosaccharides increased fullness (GLUC v VEH, 
P < .01; FRUCT v VEH, P < ,05) and decreased hunger 




Time (min) Time (min) 



Fig 4. (A} Plasma G!P concentrations (pmol/LI after ingestion of glucose (75 g) (GLUC) (»), fructose (75 g) (FRUCT) (•), or vehicle (VEH) 
by nondiabetics (n = 10) and (B) by patients with type 2 diabetes (n = 10], Data are mean ± SEM. P < .001 for treatment (VEH vGLUC, FRUCT 
v GLUC} and P < .001 for time by 3-way ANOVA (f = 5 to 180 minutes) with repeated measures followed by contrasts. 
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Fig 5. The effect of oral glu- 
cose (75 g) (GLUCI (X), fructose 
(75 g) (FRUCT) (•), or vehicle 
(VEH) (i.'i) on sensations of (i) 
fullness, (HI hunger, and {III} nau- 
sea in (A) nondiabetics (n = 101 
and (B| in patients with type 2 
diabetes (n = 10]. Data are 
mean ± SEM. For sensations of 
hunger and fullness, P < .001 for 
treatment {VEH v GLUC, VEH v 
FRUCTI and P < .001 for time, 
and for the sensation of nausea, 
P < .001 for time, by 3-way 
ANOVA [t = 5 to 180 minutesl 
with repeated measures fol- 
lowed by contrasts. 



(GLUC v VEH and FRUCT v VEH, P < .05), and neither had 
an effect on nausea (P > .05), Nausea was higher after FRUCT 
lhan GLUC and VEH, more so in nondiabetics than type 2 
diabetic subjects, although this difference was not statistically 
significant (/' "" .07). There were no differences in hunger or 
fullness perceptions between GLUC and FRUCT in either 
subject group (P > .05 for type 2 diabetics and nondiabetics). 

Food intake. No subject consumed all the food offered, bin 
1 subject ate for the full 30 minutes on all of the 3 treatment 
days. Energy intake was suppressed approximately 14% (~ 147 
kcal) compared with VEH, by 75 g monosaccharide ingestion 
(P < ,05), with no difference between the suppressive effect of 
GLUC and FRUCT (908 ± 97 kcal. - 14* suppression v 
901 : ! 71 kcal, -14% suppression, P > .05). The suppression 



of food inlnkc after monosaccharide ingestion represents ap- 
proximately 40% of the energy content of the preloads. Dia- 
betics ate less than nondiabetics on every sttidy day (Fig 6) and 
about 23% less overall (type 2 diabetics v nondiabetics: 824 ± 
69 v 1,070 £ 71 kcal; P > .05). There was no patient group x 
treatment interaction (P > .05) and no differences in the 
macromurient composition of the foods eaten on different days 
(/> > .05) or eaten by type 2 diabetics compared with nondia- 
betics (/' > .05). 

DISCUSSION 

We have confirmed that fructose ingestion produces smaller 
increases in blood glucose concentrations than glucose inges- 
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Fig 6. Food intake at a buffet meat 3 hours after ingestion of 
glucose (75 g) (GLUCI, fructose (75 g) (FRUCT), or vehicle (VEH) by 
nondiabetics (solid bars) (n = 10) and by patients with type 2 diabe- 
tes (open bars) In = 9). Data are mean s SEM. 'Indicates a significant 
effect of preload P < .05 (VEH v GLUC, VEH v FRUCTI by Z-way 
ANOVA with repeated measures. 



lion in subjects with and without type 2 diabetes. In addition, 
we provide evidence that fhiciose ingestion is associated with 
higher plasma insulin concentrations in diabetics than in non- 
diabetics and without greater increases in diabetics of plasma 
GLP-1 or GIP concentrations. Consistent with our previous 
finding that oral fructose and glucose were equally satiating in 
lean, young adulls without diabetes, 2 we have now found them 
to be equally satiating in older, overweight people with and 
without type 2 diabetes. 

Our finding of lower blood glucose concentrations after 
fructose than glucose ingestion is consistent with the results of 
previous studies in people with diabetes- 122 and obese 23 and 
nonobese 2 people without diabetes, showing smaller increases 
in blood glucose concentration after ingestion of fructose than 
glucose or the glucose-containing disaccharides, sucrose and 
lactose."' The small increase in circulating glucose concentra- 
tions after fructose ingestion is probably the result of hepatic 
conversion of fructose to glucose. 25 - 26 Lowering blood glucose 
concentrations in people with diabetes reduces the microvas- 
cular and probably macrovascular complications of this dis- 
ease. 27 - 2K Therefore, substitution of fructose for glucose in the 
diet of diabetics may represent a way of lowering average 
blood glucose concentrations and possibly reducing hypergly- 
cemia-inducer] diabetic complication responses. The present 
study evaluates responses to a supra physiologic dose (75 g) of 
fructose. Several studies that have examined the chronic effect 
of including smaller doses of fructose in the diet of diabetics, 
either as a supplement, 2 ''--' 2 or instead of other sugars," dem- 
onstrate either no change or improved glycemic control after 3 
to 6 months. There are, however, suggestions that chronic 
fructose ingestion may increase circulating triglyceride and/or 
cholesterol concentrations. 1 - 1 While addition of fructose to the 
diabetic diet for its glucose-lowering effects is a practical 
treatment option, it cannot be assumed that this will reduce 
metabolic complications. Studies to determine if this is so have 
not been performed. 

We have demonstrated for the first lime in this study (hat 



plasma insulin concentrations are higher after fructose inges- 
tion in subjects with type 2 diabetes than in nondiabetic sub- 
jects. Although insulin secretion was not directly assessed, this 
finding suggests tliat fructose is a more potent insulin secreta- 
gogtie in type 2 diabetics than in nondiabetics. We compared 
overweight people with type 2 diabetes who had good glycemic 
control on diet alone to age- and weight-matched nondiabetic 
controls. It is not surprising lo find a significant degree of 
impaired glucose tolerance in an older and overweight nondi- 
abetic healthy population. This highlights the contribution of 
increasing body weight to the development of insulin resis- 
tance, impaired glucose tolerance, and eventually diabetes mel- 
liius. It is likely that the differences between diabetics and 
nondiabetics would have been even more marked if we com- 
pared a lean, nondiabetic population with a group of diabetics 
with worse glycemic control than those in Ibis study. 

We hypothesized that a greater increase in plasma insulin 
concentrations in response to fructose in diabetics than nondia- 
betics would be due 10 a greater release of 1 or more of the 
incretin hormones, GLP-1 and GIP. Wc found no evidence for 
this. Although absolute plasma GLP-1 concentrations were 
(nonsigni(icantly) higher after fructose in diabetics than in 
nondiabetics, this was probably due to higher basal GLP-1 
concentrations in diabetics. As previously reported,-' 5 the in- 
crease in plasma GLP-1 concentrations after fructose was sim- 
ilar in the 2 subject groups (from '-8 to 12 pmoi/L in the 
nondiabetics and from — 1 1 to 16 pmol/L in diabetics). As our 
assay measures bolh aclivc and inactive GLP-1, we do not 
know the exact proportions of each and cannot exclude the 
possibility thai the ratio of active:! nactivc GLP-1 is different in 
diabelics to nondiabetics. Similarly, we cannot be sure that the 
degradation of GLP-1 after monosaccharide ingestion will be 
similar after glucose and fructose. There was a greater variabil- 
ity in plasma GLP-1 concentrations in the diabetics than non- 
diabetics, and our sample size whs relatively small, so a type 2 
statistical error cannot be excluded. Nonetheless, the finding of 
similar plasma GLP- 1 concentrations after fructose ingestion in 
people with and without type 2 diabetes is consistent with a 
recent report by Toff ct al 15 that plasma GLP-1 concentrations 
after a mixed meal are similar in type 2 diabelics and nondia- 
betics. While increased GLP-1 release seems unlikely to be a 
cause of the greater plasma insulin concentrations in diabetics, 
increased sensitivity to the insulinotropic actions of GLP-1 
remains a possibility. Baseline GIP concentrations were higher 
(although noi significantly) in diabetics, possibly as a conse- 
quence of the glucose-dependent nature of GIP release."' As 
previously reported," there was no increase in plasma GIP 
concentration after fructose ingestion in either type 2 diabetics 
or nondiabetics. 

Fructose-induced insulin release is known to be glucose- 
dependent and may be enhanced in type 2 diabetics by the 
hyperglycemia characterizing this condition. In vitro pancreas 
and isolated islet preparation studies show that fructose is 
incapable of stimulating insulin in the complete absence of 
glucose,- 18 m and insulin release after intravenous fructose is 
greater during hyper- than during cuglyeemia in nondiabetics." 
Fructose has only a weak insulinogenic action during euglycc- 
mia in people without diabetes, but elevation of the blood 
glucose concentration even slightly (eg, from 5,5 to 6.4 
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mmol/L) substantially increases the stimulatory effect of fruc- 
tose on insulin release.- 3 Mean baseline blood glucose levels 
were similarly elevated in the diabetic compared with the 
nondiabctic subjects in this study (7.0 v 5,6 mmol/L). In addi- 
tion to enhancing the stimulatory effects of fructose on the ji 
ceil, hyperglycemia may indirectly enhance the in sol inotropic 
effects of fructose by increasing the insulinotropic actions of 
GLP-1. GLP-I acts on the pancreatic ji cell to stimulate insulin 
secretion, and this insulinotropic effect is enhanced by hyper- 
glycemia. 4 - Although hyperglycemia may provide an explana- 
tion for the greater fructose-induced increases in plasma insulin 
concentrations in diabetics, in the present study, the lack of a 
significant correlation between the increase in plasma insulin 
concentration after fructose ingestion and either fasting blood 
glucose concentration or the increase in glucose concentrations 
after ingestion of the preload does not support this. Neverthe- 
less, the substantia! variances in insulin concentrations in the 
diabetic subjects and the relatively small subject numbers mean 
that this possibility cannot be excluded, and further studies will 
be needed to explore this possibility. 

The relative effects of monosaccharides on food intake are 
controversial. Three previous studies, all by Rodin et al, 7 -'*' 43 
have found oral fructose ingestion to be more satiating than 
isoenergeiic glucose in .subjects without diabetes, whereas 3 
other studies, including this one, show no difference.- 10 The 
discrepancy may be related to differences in study design. 
Studies in which fructose has been more satiating than glucose 
have tended to use higher volume preloads {500 mL v 300 mL 
in our study 7 ) and have shorter time periods between preload 
and test meal ingestion, We have also used higher concentra- 
tions of sugar in the preload than did Rodin ct al (75 g in 300 
mL v 50 g in 500 mL). This may result in small intestinal 



satiety receptors becoming saturated with the monosaccharide, 
thus producing similar satiating effects of the 2 sugars. 

The dose of fructose used in this study was supraphysiologic. 
!l is conceivable that fructose may have suppressed appetite 
and food intake, in part, by producing a side effect such as 
nausea. This seems unlikely. The fructose solution in this study 
was sweeter than the glucose solution, and nausea ratings were 
somewhat higher in the first 60 minutes after fructose ingestion 
than glucose ingestion in both diabetics and nondiabetics. Nev- 
ertheless, this difference was not significant, and any nauseat- 
ing effect of fructose, as indicated by these ratings, had re- 
solved by the time of meai ingestion. No subject spontaneously 
complained of any side effects from fructose ingestion. 

This was an acute study that involved the ingestion of each 
monosaccharide in isolation. It did not investigate the possibil- 
ity that fructose and glucose have different effects on satiety or 
blood glucose when ingested chronically from naturally occur- 
ring sources (eg, fructose in fruit). Nevertheless, our findings 
do not support a use for fructose in the diet of people with type 
2 diabetes as a means of suppressing food intake and reducing 
body weight, Furthermore, we studied diabetic patients soon 
after diagnosis (all <4 years) on diet treatment alone, We 
cannot be sure that fructose will have the same effect in patients 
who have had diabetes for longer and/or those who are taking 
hypoglycemic medication. Further studies will be needed to 
examine the reduced glyecmic response to dietary fructose, 
particularly its effects on long-term diabetic complications. 

In summary, we have found that in people with and without 
type 2 diabetes, oral fructose ingestion produces a smaller 
increase in blood glucose concentration than equienergetic oral 
glucose ingestion, a greater increase in plasma insulin concen- 
tration in diabetics than in nondiabetics, and is as satiating as 
glucose. 
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ABSTRACT The relative absorption of saccharides of different chain length has been reex- 
amined. Whether glucose is administered as a monosaccharide, a disaeeharide (maltose), an 
intermediate polysaccharide mixture with a mean chain length of five glucose units (Caioreeii), or 
a polysaccharide (starch), the rate of rise and fell m blood glucose concentration is similar in 
healthy subjects. In a maturity onset diabetic peak blood glucose is similar whether monosaccharide 
or Caloreen is ingested Plasma insulin and plasma free fatty acid responses to glucose saccharide 
ingestion do riot appear to he affected by chain length. The dietary fofm in which starch is 
administered, ratter than chain length, ts probably important. Am. J, Clin. Vmr. 31.1 WS-ZQQ I . 



It is now known that hydrolysis of the 
disaccharide maltose, an oHgosaccharide 
product of digestion, and sucrose proceeds 
rapidly at the small intestinal brush border 
and is rtoi rate limiting (i). Nevertheless, a 
view that arose about 1920 (2) that the mon- 
osaccharide, glucose, is absorbed more 
quickly than starch, a giucose polysaccharide, 
persists tit the literature (3, 4), There is al- 
ready some evidence that, if this is so, it is 
not dependent on chain length (5~il). We 
have sought to clarify the role of saccharide 
chain length in giucose absorption by exam- 
ining subjects following the ingestion of 
mono-, dk "penta-", and polysaccharides 
consisting exclusively of glucose. 

Materials and methods 

Six healthy male volunteers ages 18 to 21 years and 
one male maturity onset diabetic age 68 were studied. 
Healthy subjects were divided into two groups. Group 1 
was studied ate the ingestion of glucose, Cafofeen or 
starch {cornflour with a composition of 0,25 g protein 
for every 50 g carbohydrate) Caloreen is a commercially 
available glucose saccharide mixture that contains W>- 
glucose, 7% maltose, S'S maitoiriosc, and &5% polysac- 
charides of four to IS {mean fives glucose units {I2>; it is 
referred to in this work as a "pentasaccharide**. Group 
It was studied after the ingestion of giucose or maltose 
{Ajax Chemicals}, a glucose disaccharide. 

Three days before she first study and between each 
study, each subject was maintained on a 300-g carbohy- 



drate-enriched diet in order to maximize and standardfee 
glucose tolerance (13, 14), Studies were seoarar.ed from 
each other by J to ? days. The Order ot studies was 
randomized. The amount of carbohydrate administered 
was 50 g in each case. Ail carbohydrates were flavored 
with 2.5 ml vaniila essence because this made the corn- 
flour starch more palatable. The volume of fluid accom- 
panying each study was adjusted to 500 ml. 

Before the series m whsch a subject participated, he 
assessed the rate at which he could comfortably ingest 
the cornflour starch preparation and the time taken was 
then applied to each saccharide when tested. The maxi- 
mum time for ingestion was 5 min. 

Whole blood glucose was measured by an automated 
glucose oxidase method (IS); plasma insulin immuno 
reaciivuy measurements were based on the double anti- 
body method of Hate and Randic {16); plasma free fatty 
acids <FFA) were assaved by ihe method of Trout et ai. 
(I?}. 

The significance of d i fference between events at given 
times after the ingestion of different saccharides were 
assessed by analysis of variance and also by the paired 
{ test {18). Areas under curves were calculated by the 
trapezoidal rule (19). 
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GLUCOSE POLYMER ABSORPTION 



Results 

For healthy subjects, the blood glucose 
concentration after ingestion of different ght* 
cose polymers is shown in Figure 1. In group 
1 subjects, there was no significant difference 
between the time course of absorption of 
mono-, penta-, or polysaccharide. This is con- 
firmed by an analysis of the area under the 
curves at hourly intervals (Table I). With 
group 11 subjects, there were no apparent 
differences between the blood glucose con- 
centrations after the ingestion of monosac- 
charide and disaccharide. 

The patient with maturity onset diabetes 
also demonstrated a similar time course for 
blood glucose concentration after the inges- 
tion of mono- and pentasaccharide (Fig. 2). 

The plasma insulin responses to mono-, 
penta-, and polysaccharide ingestion in 



group I subjects were not significantly differ- 
ent (Fig, 3; Table 2), In group II subjects, 
disaccharide ingestion did not induce an in- 
sulin response different from that seen with 
monosaccharide. 

Plasma FFA were lowered maximally by 
90 min and the overall FFA response found 
to be almost identical after ingestion of 
mono-, penta-, and polysaccharides (Fig. 4). 
Similarly, the FFA response to disaccharide 
was almost identical with that to monosac- 
charides. 



The present study allows the conclusion 
that chain length alone does not influence the 
rate of absorption of glucose significantly. 
Although Caloreen is not an oligosaccharide 
of uniform chain length, it is a mixture ap- 
proximating a pentasaccharide. The small 




FIG. !, Btood glucose concentrations in healthy 
males after ingestion of a monosaccharide (giucose^ a 
pemjsssaceharide (Catoreen), or a polysaccharide {starch} 
in font individuals. 
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FIC, 2. Blood glucose asnoenirations in a maturity 
onset diabetic after ingestion of a monosaccharide {glu- 
cose} or a pentasaccharide (Caioreen). 



TABLE 1 

Area under Mood glucose curve after ingestion of glucose polymers 
of different chain lengths* 
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" Are* was calculated with lime as the abscissa in minifies slid blood glucose concentration as the ordinate in m$/ 
100 ml * Mean * SEM of the ares is givsa for each hour after the ingestion of saccharide and for the total 
duration of the test period. r Sigaiffcance of diflfetence from inoposaccharide in a given time period is indicated 
by ft$P> 0.05. rf Not sigaifkant. 
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proportion (3%) ■ of glucose monomer present 
would not account for the similarity of 
monosaccharide and Caloreen blood glncose 
responses. If chain length were rate limiting 
sn glucose absorption, starch should produce 
a more prolonged Mood glucose response 
than Caloreen and this, in turn, a more pro- 
longed response than the monosaccharide 
glucose. If anything, there was a tendency for 
the oligosaccharide mixture, Caloreen, to 
produce a slightly larger glucose rise and 
insulin response than either mono- or poly- 
saccharide. However, any differences in glu- 
cose response are unlikely to be of any bio- 
logical or practical consequence. For exam- 
pie, the recommendation of glucose over 
starch as such to produce a more rapid rise in 
blood glucose would appear to be ill-founded. 

The present investigation answers the ques- 
tion of the effect of chain length on glucose 
absorption more directly than previous inves- 



tigations thai have examined saccharides of 
different carbohydrate composition (10, ll|, 
not conside red intermediate chain leng th sac- 
charides (5-8, It) or included saccharides in 
test meals where factors other than chain 
length could be important (5, 10). The simi- 
larity of plasma insulin and FFA responses 
to glucose absorption is further confirmation 
of the lack of importance of chairs length in 
glucose absorption not available in other 
studies (5-§} k 

It is known that the ingestion of the disac- 
charide sucrose leads to lower blood glucose 
concentration than does monosaccharide 
ingestion (20), but this may reflect the differ- 
ent mode of assimilation of the fructose part 
of sucrose rather than chain length. Also, the 
disaccharide lactose, with its glucose and ga- 
lactose components, is subject to rate limiting 
hydrolysis in the small intestine (1) and con- 
sequently would not necessarily produce 
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FKJ. 3. Plasms insulin immunoresctiviiies in 
healthy maies sfter ingestion of various giucose poly- 
mers. See legend to Figure t. 
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FIO. 4 PSasma free fatty acid concentrations its 
healthy tnaies after ingestion of various giucose poly- 
mers. See legend to Figure 1. 



TABLE 2 

Ares under plasma insulin curve after ingestion of giucose polymers 
of different chain length** 
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* Ares was calculated with time as the abscissa tii minutes and plssma insulin jmraunoresctivity as the ordinate 
la microuruts per mittiiisef, "See footnotes to Table f. '/Not significant, 
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comparable rises in blood sugar conceatra- 
tion by comparison with monosaccharide. 

Our studies do not exclude the possibiBty 
thai dietary aeeompaasmeats may modify 
glucose absorption when chain length is com- 
parable. There is an increasing literature on 
this subject, largely with respect to dietary 
fiber content (21). It has also been suggested 
that cooking renders starch more readily ab- 
sorbable (22). 

Our deductions about the lack of impor- 
tance of chain length may also need to be 
qualified in the context of exocrine pancreatic 
deficiency, as in the first few weeks of life 
(23) and in exocrine pancreatic disease (8), 
where a-amylase is deficient. 

The similarity of blood glucose concentra- 
tions after glucose saccharide and maltose 
ingestion is of additional interest inasmuch as 
maltose can be absorbed as such and metab- 
olized after intravenous administration {24, 
25), Nevertheless, maltose is usually hydro- 
iyzed more rapidly than it can be absorbed 
(26). This, presumably, has been the case in 
the present study to allow blood glucose con- 
centrations comparable to those after fee 
same amount of ingested glucose monomer. 

n 

The author* thask Mr. Charles Pirotta tor valuable 
technical assistance. 
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Metabolic response to glucose ingested 
with various amounts of protein 1 " 3 



Sydney A Westphal. Mary C Gannon, and Frank Q Nuttall 

ABSTRACT Seven healthy, norma!- weight subjects were 
fed breakfasts of 50 g protein, 50 g glucose, and 10, 30, or 50 g 
protein plus 50 g glucose in random sequence. Plasma glucose, 
insulin, C peptide, glucagon, nonestenfted fatty acids, and «. 
amino nitrogen were then measured from samples obtained 
over 4 h. The postmeai net area of each response curve was 
calculated. Ingestion of 50 g protein alone did not change the 
serum glucose concentration . The various amounts of protein 
ingested with 50 g glucose also did not alter the serum glucose 
response compared with that observed with 50 g glucose alone. 
Ingestion of the various amounts of protein also did not result 
in a further increase in insulin concentration when ingested 
with glucose, except with the 50-g-protein dose. This increase 
was modest. Ingestion of glucose resulted in a decrease in «- 
amino nitrogen and glucagon concentrations whereas inges- 
tion of protein Increased them as expected. Additions of pro- 
gressively larger amounts of protein to the glucose meal re- 
sulted in a progressive increase in the «-amim>nitrogen- and 
giuca|ott*area responses. The relationship was curvilinear for 
both the ^ammo-nitrogen response and the glucagon re- 
sponse. The rill!! point:, that is, the protein dose ingested with 
50 g glucose at which there would be no change in area re- 
sponse, was estimated to be 9 g protein for «~araino nitrogen 
and 5 g protein for glucagon. Am J Clin Nutr S990;52: 
2*57-72. 

KEY WORDS Dietary protein, diet, insulin, C peptide, «- 
amino nitrogen, glucagon, gjycemic index, relative glucose area 

introduction 

It has been well established that both protein and amino acid 
ingestion stimulate insulin secretion and thus may affect the 
postprandial glucose concentration {1-6). However, few stud- 
ies have been published that have quamitated metabolic re- 
sponses on the basis of differing amounts of protein in the meal 
We (?) previously demonstrated in subjects with non-insulin-- 
dependent diabetes (NIDDM), fed meals of 50 g glucose with 
various amounts of protein, an insulin incremental area re- 
sponse that was essentially linear with respect to the quantity 
of protein ingested. The increasing insulin response wasassoci* 
ated with a decreasing plasma glucose response, 

Having demonstrated a sensitive relationship between the 
doses of protein and the insulin response in subjects with 
NIDDM, we were interested in determining the sensitivity of 
the metabolic response of normal subjects to differing doses of 
protein . Therefore , norma! subjects were studied by use of the 



same protocol. We (8} previously published data on the meta- 
bolic response of normal individuals to SO g glucose, 50 g pro- 
tein, and both together. We report here data on the response of 
serum glucose and insulin to various doses of protein given 
with 50 g glucose in these same subjects. 

Methods 

Four normal males and three normal females were studied 
in our metabolic unit. Their mean (±SD) age was 35.6 2: 7,9 y 
(range 27-54 y). Ail were within 5% of desirable body weight 
according to the 1959 Metropolitan Life Insurance Company 
tables (9). All subjects gave written, informed consent, and the 
study was approved by the Medical Center's Committee oh 
Human Subjects, All participants, had Ingested a diet contain- 
ing a 200 g carbohydrate/d with adequate food energy for 3 d 
before testing. 

After an overnight fast of 10-14 ft, art indwellmg catheter 

was inserted into an antecubitai vein and was kept patent with 
a stow infusion of 0.45% saline. Test meals were given at 0800 
and consisted of, in random order, a meal of 50 g gJucost, 50 g 
protein, or a combination of 50 g glucose and 10, 30, or 50 g 
protein. Glucose {100 g/180 ml) was given as a standard glu- 
cose solution (Glutol, Paddock Laboratories, Minneapolis). 
The protein was given in the form of cooked, lean hamburger 
{6.5% fat). After potassium hydroxide hydrolysis the protein 
content was determined by the method of Za& and Cohen ( !0). 
The fat content was determined grstvimetrically by ether ex- 
traction. The meal was browned in a nonstick frying pan and 
placed in a refrigerator until served. Cooking was completed by 
placing the meat in a microwave oven for 30 s. Beef protein 
was selected because it is a commonly ingested form of meat 
protein in our society. In addition, we had used it previously in 
our study of the dose response to protein in diabetic subjects. 
The beef was very low in fat and was considered to be less palat- 
able than most meats eaten fay Americans; however, it was not 
considered offensive to the volunteers. 
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FIG i . Left parte!, glucose response to ingestion of glucose, protein, or glucose plus prates n. Right panel, effect of 
protein dose on giucose area. The incremental change in plasma glucose was determined for 4 h after ingestion of the 
meals in ~ 7). The 0-50-g doses of protein were ingested together with 50 g giucose. Bar graphs indicate mean 
•i SEM. Areas are significantly di fTererti (p < 0.0S) if they do not share a common superscript letter. 



Blood samples were drawn before and at 1 5-mtn intervals for 
! h and then at 30*min intervals for 3 ft after ingestion of the 
meal Plasma giucose was determined by a giucose oxidase 
method with a glucose analyzer with an oxygen electrode 
{Beckman Instruments, inc. Fuiterton, CA). Serum imrmmo- 
feactive insulin was measured by a standard double-antibody 
radidimmurtoassay (R1A} method with kits produced by Endo- 
tech. Inc. L*«isviSfe. Glucagon was determined by RIA by use 
of 30 K antiserum purchased from Heailh Science Center (DaS- 
!as), and «-amino nitrogen was determined by the method of 
Goodwin (11). C ' peptide was measured by a double-antibody 
RIA method (12) with kits produced by Immuno-Nuclear 
Corp. Stillwater, MR 

The areas above the fasti ng baseline were calculated by using 
the trapezoid title (13), The concentration at time zero was 
used as a constant baseline, in calculating the postmca! areas 
we assumed that the fasting concentration remained un- 
changed. Areas below the baseline were subtracted from areas 
above the baseline to give a net area. The analysis of variance 
(A NOV A) test with least significant difference was used to as- 
sess statistical significance {Simview ,5/2*, Apple Computer 



Co). A p value of < 0,05 was the criterion for significance. Data 
are presented as the mean ± SEM. 



Results 

The mean baseline value of plasma glucose was 4>8 ± 0.1 
mmol/L, It reached a peak 30 mi n after the ingestion of at! 
meals containing glucose, regardless of the presence or absence 
of protein. It returned to near baseline concentrations by 90 
pun, deicfeased to a nadir at 120 mm, and then reapproached 
baseline by 240 min (Fig I , left panel), the ingestion of various 
amounts of protein with glucose did not significantly alter the 
curve seen with glucose atone. There was little change in 
plasma giucose concentration after ingestion of 50 g protein 
alone. The calculated net area under the curve for the plasma 
giucose concentration increased only slightly when protein was 
ingested alone (Fig 1, right pane!). The plasma-glucose-area re- 
sponse to ingestion of glucose was much greater, as expected, 
but was not Significantly affected by the simultaneous ingestion 
of various amounts of protein , 
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FIG 2. Left panel, insulin response to ingestion of glucose, protein, or glucose plus protein. Right panel, effect of 
protein dose an insulin area. The 'incremental change in plasma insulin was determined as indicated in the legend 
for Figure 1, 
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FIG I Left panel C peptide response to ingestion of glucose, protein, or glucose plus protein. Right panel, effect 
of protein dose on C peptide area. The incremental change in pissma C peptide was determined as indicated in the 
iegend for Figure i . 



The initial mean insulin concentration was 96 ± 7 pmol/L. 
The peak occurred 45 rain after ingestion of 50 g glucose and 
then returned to baseline at 180 min <Fsg 2, left panel}. When 
glucose and protein were ingested together, the peak insulin 
occurred at 45 mirs for ail but the meal con taining 50 g protein 
plus 50 g glucose. Peak insulin occurred 60 rnin after ingestion 
of t he meal containing 50 g protein plus 50 g glucose, insulin 
concentrations decreased to the baseline by 240 min after each 
of the meats. When 50 g protein was ingested alone, the insulin 
increase was quite modest but h remained elevated for 240 min 
{Fig 2, left panel). Addition of inereasi ng amounts of protein to 
the nieat containing 50 g glucose did not result in an increased 
insulin-area response unit! 50 g protein was given (Tig 2, right 
panel). As indicated previously, the sum of the mean insulin 
areas for the meals containing either 50 g protein only and 50 
g glucose only was 100% that of 50 g protein and 50 g glucose 
together. Thus, these insulin responses were additive. 

The mean baseline concentration of C peptide was 0.69 ± .06 
pmol/mL. Like insulin, the C peptide concentration increased 
very modestly after the protein-only meal and increased to a 
peak at 45 min for al! meals with glucose except for the meal 
containing glucose plus 50 g protein. After this meal, it peaked 



1 5 min later (Fig 3, left panel). The curves were similar to those 
for plasma insulin. The C peptide area was not increased when 
10 g protein was ingested with 50 g glucose compared with glu- 
cose alone. It was increased when 30 and 50 g protein were 
added {Fig 3, right panel). 

The mean initial concentration of o-amino nitrogen was 3.1 
± 0.1 mmoS/L. This rapidly decreased over the first 90 min 
after ingestion of 50 g glucose alone and remained near this 
nadir throughout the study period (1% 4, left panel). After trie 
meal of protein alone, there was a prompt increase in a-amino 
nitrogen over the first 90 min. This was then sustained through- 
out the study. After the glucose-pius-protein meals, the «- 
amino nitrogen concentrations inftiatly remained near the 
baseline, then rapidly increased to a maximum at 1 50- 1 80 
min, except for the 10-g protein dose. The a-amino nitrogen 
concentration for this dose remained at the baseline. For the 
higher protein doses of 30 and 50 g, ingested with glucose, this 
increase remained for the 240 min of study. After glucose alone 
the area was negative. It increased progressively with increasing 
amounts of protein in the meal The area response to 50 g pro- 
tein alone was siraiiartothat with 50 g protein plus SOgglucose 
(Fig 4, right panel). 
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FIG 4, Left panel, o-amino nitrogen resrxinse to ingestion of gtucpse. protein, or glucose plus protein. Right panel, 
effect of protein dose on m-ammo nstrogensres Tfse incremental change in plasma «-amino nitrogen was determined 



as indicated in the legend for Figure 1 . 
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PIG 5, Left panel, glucagon response to ingestion of giucose, protein , or glucose plus protein. Right panel, effect of 
protein dose ort gl ucagon area. The incremental change in plasma glucagon was determined as indicated in the legend 

for Figure 1, 



The mean initial value of gl ucagon was 21 1 s 66 ng/L. After 
the ingestion of glucose alone, glucagon decreased modest!? to 
a nadir at 90 mm and then slowly returned to baseline. After 
the ingestion of protein alone there was a considerable increase, 
with a peak at 90 mitt, It then remained elevated for the 240 
min of study {Fig 5, left panel). After meals containing glucose 
with 10 or 30 g protein, the mean glucagon concentration re- 
mained Initial^ unchanged, It decreased modestly when 50 g 
protein was ingested with the giucose. Later m the time course, 
the concentration increased after meals containing protein. 
The rapidity of the onset and the magnitude of the rise corr«« 
lated directly with the amount of protein ingested. In genera!, 
the curves were similar to those for «-amino nitrogen. 

The area under the glucagon curve was negative after inges- 
tion of the meal containing 50 g glucose (Fig 5, right pane!). 
After all meals with protein, the area under the curve was posi- 
tive and it increased progressively with increasing amounts of 
protein. The area under she curve resulting from ingestion of 50 
g protein with 50 g glucose was not different from that observed 
when 50 g protein was ingested alone. 

After the ingestion of all meals, nonesterified free fatty acids 
decreased from a mean baseline of 319 ± 50 mmol/L to reach 



a plateau at ~60 min (Fig 6, left panel). The nadir reached 
was lower for at! meals containing glucose compared with that 
resulting from ingestion of protein alone. Although the nadir 
reached was similar for all glucose-containing meals, die dura- 
tion of time over which the free fatty acids remained depressed 
varied inversely with the amount of protein in the meal Mean 
areas under the curve of nonesterifited free fatty acids were not 
statistically different from protein alone, except for the meal 
containing glucose plus 30 g protein (Fig 6, right panel), 



Discussion 

When protein is added to a carbohydrate meal v a stgnificaht 
attenuation in the plasma giucose rise has been reported by 
some investigators (6. 7, 14, 15) but not by others {16, 0), .in 
these studies, subjects with NIDDM (14, 1 ?) or normal subjects 
were used { I S x 16). 

Spilfer et a!{ 1 5) and Day et al ( 16) studied the effect of vari- 
ous amounts of protein on metabolic response in nondiabetic 
subjects, Spiiler et al {15} used breakfasts containing 0-49 g 
protein together with 58 g carbohydrate as a mixture of malto- 
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FIG 6. Left panel twnesterified fatty acid response to ingestion of giucose. protein, or glucose plus protein. Right 
panel, effect of proton dose on nortesterified fatly acid area. The incremental change in plasma nonesterified fatty 
acid was determined as indicated in. the legend for Figure 1. (1 jteq = 1 jimol.) 
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FIG 7. Top and middle panels, efiect of protein dose on «-ammo 
nitrogen area and glucagon area. Each protein dose was given with 50 
g -glucose. The curve was generated !>>■ computer, as was the equation 
for the curve. The best-fitting curve for She data of each graph was a 
third-order polynomial, indicating a nonlinear relationship between 
the dose of the protein ingested and «-amioo nitrogen or giucagonarea. 
Bottom panel, glucagon area vs a-arnrao nitrogen area. Each protein 
dose was given with SO g glucose. The curve was generated by com- 
puier, as was t he equation for the curve. The best-fitting curve for the 
data was first order, indicating a linear relation between the glucagon 
area and o-atntno nitrogen area for the protein doses. 



dextrins, fructose, and lactose. The area under the curve, deter- 
mined by use of the trapezoid rule, with fasting glucose as a 
baseline, was measured for 2 h afterthe meal. A stgnifkant rela- 
tionship was found between glucose area under the curve and 
the amount of protei n in the meal. That is, the largest area un- 
der the glucose curve occurred without protein present, and the 



area under the curve progressively decreased with an increased 
amount of protein in the meal. In this study we found no effect 
on the net glucose area integrated either over 4 h (Fig I, right 
panel) of when integrated over 2 h (data not shown). The 
different results of the two st udies may be due to the type and 
amount Of carbohydrate ingested; howe ver, this remains to be 
determined. 

In the study by Spiller et al (15) the smallest amount of pro- 
tein given ( 1 6 g) resulted in a significant increase in insulin-area 
response when integrated over a 2-h period. With ingestion of 
larger amounts of protein, the insulin*area response was not 
further increased. However, as pointed out by the authors, the 
insulin values at 2 h had not yet returned to base! inc. Thus, the 
results could be misleading. Again, these results are consid- 
erably different from those we observed. In our study an in- 
crease in insulin-area response was only present with the 50-g 
dose and the C peptide area was only increased with a dose of 
£39g. 

The study protocol used by Day et ai ( 16) differed in several 
ways from that used by Spiller et al ( 1 5) and ours, making com- 
parisons difficult. The test meal was given at noon and the re- 
sponses were measured for just 90 mis. The meals contained 
various amounts of fat as well as a constant amount of carbohy- 
drate and different amounts of protein. The amount of carbo- 
hydrate also was less {25 g). The protein content ranged from 
3.6 to 75 g, and the source of the protein was hot constant. 
In agreement with our results, protein addition did not have a 
significant effect on the glucose rise. When protein was present 
in amounts > 8 g, there was an increase in mean insulin area 
but the increase was not greater with ingestion of larger 
amounts of protein. 

in a previous study of untreated NID©M subjects that used 
the same meal protocol used in this study, we found that the 
insulin-area response increased linearly with respect to the 
quantity of protein ingested (7), The net glucose area also de- 
creased in a concentration-dependent fashion with increasing 
doses of 10, 30, and 50 g protein. Thus, it is clear that the glu- 
cose and insulin responses to progressively larger amounts of 
protein given with a constant amount of glucose is different in 
norma! and NiDDM subjects. The insulin secretory response 
is much more sensitive to protein ingestion in persons with 
NIODM. The type of protein ingested also has effects on the 
insulin area response in NIODM { 1 8) and normal subjects (un- 



As we (8) reported previously, protein ingested alone led to 
a rapid rise in «-amino nitrogen concentration whereas glucose 
ingestion resulted in a rapid fall in concentration. A\m> when 
SO g protein and 50 g glucose were ingested together, there was 
little or no rise in a-amino nitrogen for the first 60 mtn (8). In 
the present study, a delay in the increase in os-amino nitrogen 
concentration also was present when 30 g protein was ingested 
with the glucose but the duration of this delay was shorter. With 
fOg protein there was little change in a-amino nitrogen. 

It was reported that hyperglycemia induced in normal sub- 
jects significantly slows gastric emptying (J 9, 20). Therefore, it 
is possible that the rise of plasma glucose, resulting from she 
glucose in the meal, delayed emptying of protein into the duo- 
denum and thus delayed its digestion. However, because the 
area under the curve was negative after the glucose meal but 
remained near the baseline for £60 mm when protein was in- 
gested with the glucose, it is possible that the unchanged <*- 
ammo nitrogen concentration over this time resulted from a 
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rise in insulin that was just balanced by the influx of amine acid 
from the gut. This is unlikely because the results were the same 
regardless of the protein dose. Insulin-dependent suppression 
of amino acid entry into the plasma from muscle is wdl docu- 
mented (21. 22). When the o-amino-nitrogen-area response 
was integrated over 4 h, there was a curvilinear relationship 
between the amount of protein ingested and the area response 
(Fig 7, top panel). This was best defined by a third-degree poly- 
nomial expression. From these data it appears thai the salt 
point (ie, the protein dose) at which there is essentially no set 
change in area response would occur with a protein dose of -9. 
g, that ts, a gjncose-to-protein ratio of —5:1. 

Our results are in agreement with previous studies indicating 
that protein ingestion stimulates while glucose ingestion sap- 
presses glucagon secretion (23-28). in addition, our data con- 
firm the observation that the circulating glucagon concentra- 
tion depends on the ratio of protein to carbohydrate it) the meal 
{16, 25), When glucose was present in the meal, a significant 
rise in glucagon concentration did not occur for a 60 mm, re- 
gardless of the protein dose. This was the time at which the 
«-ammo nitrogen concentration began to rise. As with the a- 
anrino nitrogen concentration, the giucagon-area response in- 
tegrated over 4 h showed a sigmoids! relationship with {he 
amount of protein ingested (Fig 7, middle panel). 

The importance of a rise in circulating amino acids and/or 
the digestion of protein on the glucagon secretion is shown by 
the dose correlation between the «-ammo nitrogen and gluca- 
gon (Fig 7, bottom panel). This linear relationship indicates 
that a particular «-ami«o nitrogen response would be associ- 
ated with a ^ predictable glucagon response. For example, a rise 
in a-ammo nitrogert of 0:7 mmol-h-L"' would correspond to 
a rise Of glucagon of ~ 50 ng - ft • L " 

The amount of protein ingested with SO g glucose that re- 
sulted in no net change in glucagon area was calculated to be 
only 5 g. Thus, it is clear that ingested protein is much more 
potest in stimulating a rise in glucagon concentration than glu- 
cose is in suppressing it. Our data suggest that the effect of beef 
protein is 10- fold greater than thai of glucose on a weight basis, 
To our knowledge the sensitivity of glucagon to the ingestion 
of protein has not been determined. 13 
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